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NITROGEN-HETEROCYCLIC COMPOUNDS IN METEORITES 
Het "jargon" dat in proefschriften gebezigd wordt is meestal wel 
duidelijk voor specialisten op het betreffende vakgebied, maar is veel-
al ontmoedigend voor de geïnteresseerde leek. Een korte samenvatting 
van het proefschrift in "gewoon Nederlands" lijkt mij dan ook op zijn 
plaats. 
Meteorieten zijn overblijfselen uit de tijd dat ons zonnestelsel 
is ontstaan, zo'n 4,5 miljard jaar geleden. Sommige meteorieten bevat-
ten ingewikkelde koolstofverbindingen en juist deze meteorieten zijn 
erg belangrijk voor de studie van de oorsprong van het leven op aarde. 
In dergelijke meteorieten zijn nl. moleculen aangetoond, die ook voor-
komen in alle levende wezens op aarde— zoals bouwstenen van eiwitten en 
bouwstenen van het erfelijk materiaal. 
Aangezien alle sporen van processen die leidden tot het ontstaan 
van leven op aarde reeds lang zijn uitgewist (door de voortdurende 
"recycling" van de aardkorst), vormen deze meteorieten belangrijk stu-
diemateriaal om dergelijke processen te ontcijferen. Zo heeft men in 
modelstudies de vorming van organisch materiaal in meteorieten nage-
bootst, door reakties van koolmonoxyde (kolendamp), waterstof en ammo-
niak. Het aldus gevormde organische materiaal vertoonde veel overeen-
komst met dat in meteorieten. Echter, met name in het geval van de 
bouwstenen van het erfelijk materiaal en aanverwante verbindingen kon 
een vergelijking met meteorieten moeilijk gemaakt worden, omdat de ver-
schillende resultaten wat betreft meteorieten niet met elkaar in over-
eenstemming waren. 
De resultaten vermeld in dit proefschrift geven aan, dat die 
tegenstrijdigheden vnl. toe te schrijven zijn aan artefacten van eerder 
gebruikte analysemethoden. 
Ofschoon het merendeel van de in meteorieten voorkomende verbin-
dingen via bovengenoemde modelstudies verklaard kan worden, is het op 
dit moment niet mogelijk om te concluderen dat het organisch materiaal 
in meteorieten dan ook via dergelijke reakties moet zijn gevormd. We 
weten nog te weinig van zowel de geschiedenis van meteorieten als van 
andere mogelijke processen die, met name in het geval van de bouwstenen 
van eiwitten en van het erfelijk materiaal, een rol kunnen hebben ge-
speeld. 
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BACKGROUND TO THE STUDY 
GENERAL IMTROPUCTION 
An incandescent, extraterrestrial object passing through the 
Earth's atmosphere is usually called a meteor. Only a small fraction of 
such objects survives to reach the surface of the Earth as meteorites, 
since most are destroyed by the frictional heat generated— even in the 
uppermost layer of the atmosphere— by a velocity of up to 72km/sec 
(Nagy, 1975). Because of this destruction, only approximately 500 mete­
orites fall on the Earth per year, eventhough the annual infall rate of 
meteoritic dust has been estimated to be about 0.5xl09g (Singer, 1969). 
Of these falls, about 30% occur on land. However, less than 1 in 20 of 
the meteorites falling on land are ever found (Mason, 1967), partly 
because certain types of meteorite may be mistaken for ordinary terres­
trial rocks, partly because they may fall in deserted areas, and partly 
because certain types of meteorite disintegrate very rapidly (several 
days or less) due to weathering. 
The oldest rocks presently known on the Earth (Isua supracrustal 
belt. West Greenland) have been dated at 3.8xl09 years (Moorbath it at., 
1973). Meteorites, however, have been dated at 4.5-4.7x109 years 
(Anders, 1964, 196Θ). They are therefore the oldest samples of matter 
available for laboratory analysis; dating back to the time of formation 
of the solar system. Thus, meteorites are highly valuable objects to 
study, since they contain information about conditions in the solar 
nebula (the gas and dust cloud from which the solar system formed) and 
the composition of the nebular material, as well as about early solar 
system processes (Wasson, 1974, 1978; Wood and Motylewski, 1979). In 
addition, they have provided valuable clues regarding the formation of 
the Earth and other planets (Lewis, 1974; Matson et at., 1976). 
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The presence of organic compounds in certain types of meteorites, 
and especially the presence of biologically important compounds (amino 
acids, nucleic acid bases, fatty acids, porphyrins) is of special in­
terest to the study of the origin of life on the Earth, since the or­
ganic material in these meteorites is very probably a record of early 
chemical evolution in the solar system— a record which on Earth has 
been destroyed by geologic processes (recycling of crustal material 
through volcanism, weathering, subduction and uplifting). In addition, 
the identification of relatively complex organic molecules in these me­
teorites, together with the identification, by radio astronomic obser­
vations, of organic molecules in comets and interstellar dust clouds 
(Brown, 1981; Buhl and Ponnamperuma, 1971; Delsemme, 1981; Irvine Zt 
aJL., 1981) supports the idea that chemical evolution is a truely uni­
versal phenomenon (Buhl, 1974; Dose and Rauchfuss, 1975; Огб, 1972; 
Schwartz, 1981). 
CLASSIFICATION 
Meteorites are named after the place where they fall. They are 
called "witnessed falls" when they have been seen to fall, otherwise 
they are called "finds". They are divided into three broad groups, 
based on mineral contents and chemical composition (Anders, 1964, 1968; 
Nagy, 1975). 
1) -¿Л.ОИ moXzoKLttJ), containing large amounts of metallic iron (Fe0) and 
nickel (Ni0) and small amounts of other minerals. 
2) ¿tony-ІЛОП m&ttonitejl,, consisting of mixtures of metallic iron and 
nickel and silicate minerals. 
3) ¿tony m&te.ofi¿teA, consisting mainly of silicate minerals, although 
in many cases small amounts of metallic iron and nickel are 
present. 
The stony meteorites, comprising over 90* of the observed falls (Olsen, 
1981), are further divided into chondrites (containing small spherical 
grains, or chondrules) and achondrites, although the presence of 
chondrules is not the only criterion for such a division: there are 
chondrites that do not contain chondrules! 
Based on chemical composition and mineral texture Van Schmus and 
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Wood (1967) proposed a further classification of chondrites. They were 
divided chemically into E (for enstatite, a magnesium silicate, 
МдЗіОз), H (for high iron content; the so-called bronzites), L (for low 
iron content; the so-called hypersthenes), LL (chondrites containing 
less iron than L chondrites) and С (for carbonaceous, or carbon-con­
taining) . Marked differences exist between these five chondrite groups, 
with respect to ЗіОг/МдО ratio, Fe0/Fe ratio and Fe/Si02 ratio, and on 
the basis of fayalite (an iron olivine mineral, РегЗіО^) content 
(Mason, 1966; Van Schmus and Wood, 1967). Although the С chondrites 
were originally recognized as a separate group on the basis of their 
carbon content ("kohlige Meteoriten"; Rose, 1863), they are more reli­
ably recognized chemically from their ЗІОг/МдО ratios and low Fe 0 con­
tent (Van Schmus and Wood, 1967) as well as from their Al/Si, Mg/Si and 
Ca/Si ratios (McSween, 1979), since many "ordinary" chondrites contain 
carbon as well (Hayes, 1967; Mason, 1963; Moore and Lewis, 1965, 1967). 
In addition to this chemical classification Van Schmus and Wood 
(1967) proposed six petrologie (mineralogie and textural) stages, re­
flecting the degree of metamorphism, or thermal alteration experienced; 
type 1 being the least, type 6 being the most metamorphosed. Although 
metamorphism may produce an H5 (high iron chondrite or bronzite, stage 
5) from an H4, it should be noted that such a genetic relationship be­
tween different petrologie stages within a certain chemical group is 
not always implied (Van Schmus and Wood, 1967). 
The only representatives of petrologie stage 1 and 2 are С 
chondrites, or carbonaceous meteorites, as they are referred to rou­
tinely. About 55 carbonaceous meteorites are currently known (McSween, 
1979; Marvin and Mason, 19Θ0; Yanai, 1979), 5 of which belong to stage 
1 (the Cl chondrites) and 26 belong to stage 2 (the C2 chondrites). 
The C3 chondrites were later subdivided into C3(V) and СЭ(0) (for 
Vigarano and Omans, respectively: Van Schmus, 1969; Van Schmus and 
Hayes, 1974). 
The original classification of carbonaceous chondrites into type 
I, II and III (Wiik, 1956) was based primarily on carbon and water con­
tent, type I containing ^20% H2O and ^5% C, type II containing M 3 % H2O 
and V3% с and type III containing <1% H2O and <1% C. Van Schmus and 
Wood (1967) preserved this numbering system in their petrologie stages, 
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because they felt Wiik's type I to be more primitive (less metamor­
phosed than type II and III. 
It is generally accepted that thermal metamorphism has not played 
an important role in the case of Cl and C2 chondrites (Anders it oJL. , 
1973; Hayes, 1967; McSween, 1979). However, evidence has accumulated 
over the past two decades, from mineralogical and petrological studies, 
that aqueous alteration has occurred on the meteorite parent body/ 
bodies (Bunch and Chang, 1980; Kerridge and Bunch, 1979; McSween, 
1979) . The parent bodies of the meteorites were probably asteroids 
( Anders, 1964; Chapman, 1976; Kerridge and Bunch, 1979; Matson it oJL., 
1976; Wilkening, 1978, 1979). In fact, petrologically, stage 1 (Van 
Schmus and Wood, 1967) now appears to represent chondrites that have 
been altered (by aqueous activity) to a higher degree than those of 
stage 2 (Kerridge and Bunch, 1979; McSween, 1979). 
Wasson (1974), emphasizing that the Cl, C2 and C3 chondrites are 
neither one isochemical group nor a metamorphic sequence, introduced 
the different chemical groups CI, CM, CO and CV for Cl, C2, C3(0) and 
C3(V) respectively. Both Wesson's and Van Schmus and Wood's classifica­
tion are currently used, but since Wasson's classification is based 
primarily on mineralogie and textural differences it is beyond the 
scope of this introduction, which is concerned with a general charac­
teristic of all carbonaceous chondrites; the presence of carbon and 
nitrogen in the form of organic material. 
CARBONACEOUS CHOWPRITES 
Carbonaceous chondrites, being stony meteorites, consist largely 
of silicate minerals. The main components of Cl and C2 chondrites are 
hydrated layer-lattice silicates (basically sheets of Si-0 tetrahedra 
superimposed on Al-0/Mg-O tetrahedra) and magnetite (РеО.РегОз), while 
C3 chondrites are composed of nearly anhydrous silicates. 
Hydrated layer-lattice silicates, certain magnetites, magnesium 
sulfate minerals and certain other minerals, such as carbonates, are 
usually referred to as low-temperature minerals (Nagy, 1975), indi­
cating that such minerals are stable phases below temperatures of 
roughly 380-650 С in the presence of H2O. In contrast, high-temperature 
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minerals, such as the olivines (fayalite, ГегЗіОі,, and forsterite, 
МдгЗіОц) and the pyroxenes (enstatite, bronzite and hypersthene: 
Fe,MgSi03) are not stable phases under such conditions and they undergo 
aqueous alteration into hydrated layer-lattice silicates and magnetite 
(the well-known weathering of igneous rocks on Earth). 
In addition to hydrated silicates and magnetite, carbonates and 
magnesium sulfate minerals occur in Cl and C2 chondrites in fair abun­
dance. DuFresne and Anders (1962) reported approximately 17% epsomite 
(МдЗОц.ТНгО) in the Orgueil (Cl) chondrite. The presence of magnesium 
sulfate minerals partially occurring in veins (Cl chondrites) is par­
ticularly interesting, suggesting precipitation from aqueous solution 
after accretion of the parent body (DuFresne and Anders, 1962; Kerridge 
and Bunch, 1979) . 
High-temperature minerals are abundant in C3 chondrites (Mason, 
1971; Keil and Fuchs, 1971) and they are common in C2 chondrites 
(DuFresne and Anders, 1962; Wood, 1967). However, in C3 chondrites the 
matrix consists basically of olivines (Mason, 1963, 1971) whereas in C2 
chondrites olivines (and smaller amounts of pyroxenes) occur mostly in 
the form of granules and chondrules, a considerable portion of these 
being altered to varying degrees (Bunch and Chang, 1980; McSween, 
1979). Although Cl chondrites do not contain chondrules, the presence 
of small amounts of high-temperature minerals, notably small grains 
consisting predominantly of forsterite, has been reported (Mueller and 
Bernal, 1966; Reid it at., 1970). 
The chemical analyses of carbonaceous chondrites, for most ele­
ments of the periodic table, have been summarized and discussed by 
Mason (1963), McSween and Richardson (1977) and Nagy (1975). Although 
most elements in carbonaceous, as well as in ordinary chondrites, occur 
in approximate solar system proportions (Cameron, 1973; Hollweger, 
1977; Ross and Aller, 1976), several elements appear to be underabun-
dant, or "depleted", sometimes by factors up to 1000 (Anders Zt OÍ., 
1976; Larimer, 1967; Larimer and Anders, 1967). The Cl chondrites con-
tain all stable elements in solar system proportions, with the excep-
tion of H, C, N, О and the noble gases (Anders, 1964; Anders eX. aZ. , 
1973; Hollweger, 1977), which are underabundant. The observation that 
abundances of depleted elements in C2 and C3 chondrites lie systemati-
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cally below those of Cl chondrites (Anders, 1964, 1968; Krähenbflhl i t 
aJL. , 1973; Larimer and Anders, 1967) at mean levels of -vO.S and ^0.3 
respectively, together with fractionation data from ordinary 
chondrites, strongly suggests that fractionation of the elements oc-
curred in the solar nebula, during condensation and accretion (Grossman 
and Larimer, 1974; Larimer, 1967; Larimer and Anders, 1967). The only 
common property shared by the depleted elements is volatility, and 
since gross heating of meteoritic material cannot account for the de-
pletion patterns observed (Anders, 1964, 196Θ; Larimer, 1967; Urey, 
1954) the only feasible alternative by which the depletion patterns ob­
served in carbonaceous chondrites can be explained, seems to be a 
two-component model (Anders, 1964, 1968; Larimer and Anders, 1967, 
1970). According to this model carbonaceous chondrites are a mixture of 
a fine-grained, volatile-rich component, representing a primary nebular 
condensate of low-temperature origin (comprising the matrix) and a 
coarse-grained, volatile-poor component (probably remelted and out-
gassed matrix material, possibly through the action of shocks and/or 
lightning) comprising the chondrules; C2 and C3 chondrites containing 
'M}.5 and ^0.3 times as much of the volatile-rich (="depleted" elements 
in Cl proportions) component as do the Cl chondrites. The increasing 
ratio of high-temperature/low-temperature minerals, going from Cl to C3 
(DuFresne and Anders, 1962; Anders, 1964) as well as the accompanying 
increase in chondrule content (from none in Cl to abundant in C3) seems 
to support this model. Nevertheless Cl chondrites are not composed ex­
clusively of this primary, low-temperature nebular condensate, since at 
least part of this material has been altered by aqueous activity: the 
presence of МдЗО^^НгО veins, as well as the perfection of dolomite 
(Са,МдСОз) crystals and the orientation of some of the magnetite within 
carbonate grains cannot be explained without the action of liquid water 
(DuFresne and Anders, 1962; Kerridge and Bunch, 1979; McSween and 
Richardson, 1977; Olsen and Grossman, 1978). 
Although the two-component model adequately explains the observed 
depletion patterns of volatile elements, it implies that Cl and C2 
matrix material are both composed of the volatile-rich component. How­
ever, oxygen isotope measurements of Cl, C2 and C3 matrix material 
(Clayton and Mayeda, 1977; Clayton eí αι., 1976) indicate that these 
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matrices had a distinctively different origin. McSween and Richardson 
(1977), in an attempt to circumvent this problem, proposed the admix-
ture of pre-solar system material, such as interstellar dust. They used 
the reported presence, from spectrometric observations, of hydrated 
silicates in interstellar dust (Day, 1974; Hackwell eX aZ., 1970) as an 
argument favouring such an admixture. Although the chemical and miner-
alogical resemblance of carbonaceous chondrite matrix material (CCMM) 
and interstellar dust particles is fairly strong (Wilkening, 1978), ac-
tual analyses of such particles, collected in the uppermost layers of 
the atmosphere indicate that CCMM and interstellar dust particles are 
distinctly different texturally (Brownlee Zt at., 1977; Fraundorf, 
1981). 
It is generally accepted that carbonaceous meteorites are primi-
tive relics of the early solar system (Anders Zt aJL., 1973; Hayatsu and 
Anders, 1981; McSween, 1979) and part of their constituents may be pri-
mary nebular condensates (McSween and Richardson, 1977; Olsen and 
Grossman, 1978). However, the question of the origin of these meteor-
ites is far from being answered. As Wood and Motylewski (1979) put it: 
meteorites contain a record of processes that occurred in the early 
solar system history^ a record written in cryptic language for which 
the cipher has not yet been broken. 
CARBON AND NITROGEN IN CARBONACEOUS METEORITES 
Carbon in meteorites is usually determined by total combustion in 
an oxidizing atmosphere, converting any CO formed to CO2 and measuring 
total CO2 by gas chromatography (Moore Zt aZ., 1969a). 
In most ordinary chondrites carbon, if present, occurs predomi-
nantly in the form of carbides, or graphite (Larimer and Anders, 1967; 
Mason, 1966; Vdovykin and Moore, 1971). In contrast, in carbonaceous 
chondrites most of the carbon is present in the form of organic mate-
rial (Anders e-t aJL., 1973; Hayes, 1967; Mason, 1963). In Cl and C2 
chondrites about 30% of this organic material is solvent extractable. 
The remaining, unextractable material occurs in the form of a very com-
plex, condensed aromatic material (Bandurski and Nagy, 1976; Hayatsu Vt 
aJL. , 1977; Hayes, 1967), usually referred to as meteoritic polymer, or 
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polymer-type organic matter. Although this polymeric material has been 
studied to some extent (predominantly via pyrolysis, ESR and oxidative 
techniques, such as ozonolysis), very little is known about its struc-
ture (Nagy, 1975). 
Most research efforts have been devoted towards the analysis of 
the extractable organic material, and representatives of many different 
compound classes have been unambiguously identified as indigenous mete-
oritic constituents (Anders tt a¿., 1973; Hayatsu and Anders, 1981,-
Kvenvolden, 1974,- Nagy, 1975) . 
The techniques that have been applied for measuring the nitrogen 
content of meteorites include neutron activation (measuring the decay 
of " C generated from N present in the sample by neutron irradiation, 
through the 14N(n,p) ^ C reaction; Shluka et at., 197Θ) , vacuum pyrol­
ysis (Becker and Clayton, 1975), inert carrier-gas fusion (Gibson and 
Moore, 1970) and various modifications of the Kjeldahlmethod (Kung and 
Clayton, 1978). Although each method is, reportedly, accurate and quan­
titative, large differences exist in published values of N contents, 
especially for cl chondrites (Kung and Clayton, 1978; Moore, 1971; 
Wlotzka, 1972). These differences may in the past have been due to some 
unrecognized contamination, as suggested by Kung and Clayton (1978) : 
the more recent measurements on Cl chondrites are approximately a fac­
tor of 2 lower than previous measurements (Bogard and Gibson, 1978). 
The distribution of nitrogen among meteorites shows that iron and 
stony-iron meteorites contain only very small amounts (up to a few 
ppm). Most stony meteorites contain comparable amounts. However, E 
chondrites (enstatites) contain from several tens to several hundred 
ppm N, as do most C3 chondrites. The highest N contents are found in 
C2 (up to MOOOppm) and Cl (up to MSOOppm) chondrites (Gibson and 
Moore, 1971; Gibson it at., 1971; Goel, 1970; Kothary and Goel, 1974; 
Kung and Clayton, 1978; Moore and Gibson, 1969; Moore it aZ., 1969b; 
Shluka and Goel, 1981). 
The nitrogen in enstatite chondrites occurs partly in the form of 
the minerals osbornite (TiN) and sinoite (SÌ2N20)(Andersen i t at., 
1964; Keil and Andersen, 1965; Wlotzka, 1972). In addition, part of the 
nitrogen may substitute for oxygen in silicates (N3 for O 2 ) as sug-
gested by Baur (1972). 
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Nitrogen-containing minerals have not been reported to be present 
in Cl or C2 chondrites. However, it is unlikely that such minerals will 
be present to any significant level, since the organic'nitrogen content 
accounts for nearly all of the N present in Cl and C2 chondrites (Kung 
and Clayton, 1978). 
THE ORIGIN OF METEORITIC ORGANIC MATERIAL 
Anders and coworkers (Anders et di., 1973, 1974; Hayatsu and 
Anders, 1981; Hayatsu &t oJL., 1977; Larimer and Anders, 1967) have pro­
posed an explanation for the origin of organic material in carbona­
ceous meteorites, based on the observation that in the cooling solar 
nebula the CO to CHi, transformation, expected on thermodynamic grounds, 
apparently did not go to completion, since if it had, there would be no 
carbon in the inner solar system (CHi, would have been removed from the 
inner solar system during the Τ tauri stage of the early sun; a period 
of high solar wind activity). Calculations on condensation sequences in 
a cooling gas of solar system composition (Grossman, 1972; Grossman and 
Larimer, 1974; Kerridge, 1971; Larimer, 1967; Larimer and Anders, 1967, 
1970) have shown that olivines and pyroxenes were the principal sili­
cate minerals above temperatures of about 400K, where the formation of 
hydrated layer-lattice silicates and magnetite from these minerals, 
first became possible. (This temperature, incidentally, is predicted 
from theoretical calculations, for the asteroid belt region in the 
primitive solar nebula; Cameron and Pine, 1973). As mentioned before, 
hydrated layer-lattice silicates and magnetite are the predominant 
constituents of Cl and C2 chondrites. Although CHi^  is the thermodynam-
ically favoured form of carbon below 600K, the olivines and pyroxenes 
available in the solar nebula at those temperatures appear to be very 
inefficient catalysts for its formation from CO (Anders e-t oJL., 1973; 
Lancet and Anders, 1970). Thus CO may have, at least partially, sur­
vived down to 350-400K, where hydrated silicates and magnetite became 
stable phases. 
Studier zt oJL. (1968, 1972), using these minerals in model exper­
iments, found that the CO hydrogénation tends to stop at intermediate 
stages, of H/C^2 (e.g. СзцНцз)ι rather than producing stable methane of 
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H/C=4. It thus appears, that the predominant mineral phases in CI and 
C2 chondrites (which are richest in organic matter) are effective cat­
alysts for the production of organic material from CO and H2· 
Such model experiments are related to the well-known Fischer-
Tropsch reaction; the industrial production of hydrocarbons (such as 
gasoline) from catalytic reactions of CO and H2. They are therefore 
called Fischer-Tropsch type reactions (Anders Zt oJL. , 1973). 
Further studies on the production of organic material in Fischer-
Tropsch type reactions in the presence of NH3 as nitrogen source have 
shown that a large variety of organic compounds can be formed, in­
cluding aliphatic and aromatic hydrocarbons, oxygen-containing com­
pounds such as aldehydes, ketones, alcohols and fatty acids, and nitro­
gen-containing compounds such as nitriles, amines, amino acids, pu­
rines, pyrimidines, Л-triazines and porphyrin-like compounds (Anders eX 
a¿., 1973, 1974; Hayatsu &t αί., 196Θ, 1971, 1972; Nooner e¿ al., 1976; 
Yang and Orí, 1971; Yoshino Ut aZ., 1971). 
It should be mentioned, however, that the relatively abundant 
formation of amino acids, reported by Hayatsu ai σ£. (1971) and Yoshino 
eX at. (1971) could not be confirmed by Brown and Lawless (1974), nei­
ther in a Fischer-Tropsch type product prepared by themselves, nor in a 
product prepared by Hayatsu: only traces of glycine and alanine (and 
leucine, which was considered to be a contaminant) could be identified. 
As emphasized by Anders it at. (1973) and Hayatsu and Anders 
(1981) it is unrealistic to expect a one-to-one correlation between or­
ganic compounds produced in Fischer-Tropsch type reactions and those 
identified in carbonaceous meteorites, since the conditions expected 
for the solar nebula cannot be duplicated in the laboratory. Neverthe­
less, comparisons between meteoritic and Fischer-Tropsch type organic 
compounds have, in several cases, revealed close similarities in com­
pound distribution, notably with respect to aliphatic hydrocarbon iso­
mers in the range C m to C^g, the predominance of aromatics below С ю 
(Studier eí al., 1968, 1972; Hayatsu and Anders, 1981) and the occur-
rence of short chain alcohols, aldehydes, ketones and amines (Anders <Lt 
al., 1974; Jungclaus, 1975; Jungclaus zt αι., 1976). In addition, a 
polymeric material produced in a Fischer-Tropsch type reaction showed 
characteristics similar to those of the polymeric material of a frag-
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ment of the Murchison (C2) meteorite, especially with respect to mass 
spectra and liberation of benzene carboxylic acids following HNO3 oxi-
dation (Hayatsu it al., 1977). 
Although nonprotein amino acids have been identified in the 
Murchison meteorite (Kvenvolden i t aZ., 1971; Wolman Zt OÍ., 1972) they 
have not been reported to be formed in Fischer-Tropsch type reactions. 
The explanation given by Anders zt aZ. (1973) is, that the amino acid 
work was finished before the meteorite data became available, so they 
have simply not been looked for. Considering the importance of the 
presence or absence of nonprotein amino acids in products of Fischer-
Tropsch type reactions, as well as the contradictory results obtained 
by Brown and Lawless (1974) on Fischer-Tropsch type amino acids, as 
mentioned before, it is highly surprising that ten years later they 
have still "simply not been looked for" (Hayatsu and Anders, 1981). 
Nevertheless, it appears that there is at least a fair resem-
blance between the organic material in carbonaceous meteorites and the 
organic material produced in Fischer-Tropsch type reactions. 
It should be noted that Fischer-Tropsch type reactions are spon-
taneous, the driving force being the increasing instability of CO with 
decreasing temperature. In contrast, reactions of (highly to moderate-
ly) reduced mixtures, such as СН^/ИНз/НгО/Нг, СНц/Ыг and ССМСОг)/^/ 
НгО/Нг; or non-reduced mixtures, such as CO2/H2O, which require exter­
nal energy sources (electric discharges, high-energy irradiation) in 
order to produce organic compounds, are called Miller-Urey reactions 
(Lemmon, 1970; Miller zt CLÌ., 1976; Stephen-Sherwood and Orí, 1973). 
Contrary to Fischer-Tropsch type reactions, for which the evi-
dence with respect to amino acids is not fully convincing, Miller-Urey 
reactions are highly effective in producing amino acids (Miller, 1953, 
1955; Miller and Orgel, 1974; Ring t t al., 1972; Sagan and Khare, 1971; 
Wolman Vt aZ., 1972). 
The hydrocarbon distribution observed in carbonaceous meteorites, 
however, cannot be explained by Miller-Urey reactions, since hydro-
carbons produced in such reactions result from random recombinations of 
radicals, and represent therefore a "continuum" of possible isomers 
(Anders i t aJL.. 1973; Calvin, 1969; Ponnamperuma zt aJL., 1969). In 
addition, the formation of the polymeric organic material present in 
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carbonaceous meteorites is difficult to explain by Miller-Urey reac-
tions. Comparisons of elemental analyses (for C, H, N, and 0) of poly-
meric material from the Orgueil (Cl) and Murchison (C2) meteorites as 
well as from Fischer-Tropsch type and Miller-Urey reactions indicate a 
close correlation between meteoritic and Fischer-Tropsch type polymers, 
while Miller-Urey polymers show much higher N contents (Hayatsu and 
Anders, 1981; Hayatsu i t CL¿., 1977; Jungclaus, 1975; Miller, 1955; 
Sagan and Khare, 1979). Furthermore, the H/C ratios suggest a predomi-
nantly aromatic structure for meteoritic and Fischer-Tropsch type poly-
mers, and a more aliphatic/alicyclic structure for polymers produced in 
Miller-Urey reactions (H/C ratios of 0.7-0.78 versus 1.23-1.28; Hayatsu 
and Anders, 1981). 
PURPOSE OF THE STUDY 
In the light of the hypothesis that the organic material in car-
bonaceous meteorites was produced by Fischer-Tropsch type reactions it 
seemed desirable to study the distribution, in such meteorites, of 
nitrogen-containing compounds other than amino acids; since, as men-
tioned before, the evidence for an origin of meteoritic amino acids by 
Fischer-Tropsch type reactions is not conclusive. 
Attempts had already been made to identify W-heterocyclic com-
pounds, such as purines, pyrimidines and -ó-triazines in carbonaceous 
meteorites (Folsome &t aJL., 1971, 1973; Hayatsu, 1964; Hayatsu et aJL. , 
1968, 1975; Van der Velden and Schwartz, 1977). However, although rep-
resentatives of these compound classes have been identified in products 
of Fischer-Tropsch type reactions (Hayatsu e-t aJL,, 1968, 1972; Yang and 
Orö, 1971), quite divergent results have been obtained on their occur-
rence in carbonaceous meteorites. Hayatsu (1964) and Hayatsu ЯХ at. 
(1968, 1975) identified the biologically important purines adenine and 
guanine, and several ¿-triazines in the Orgueil and Murchison meteor-
ites. In contrast, Folsome zt OÍ. (1971, 1973) identified several 
4-hydroxypyrimidines, but not purines or ¿-triazines in the Orgueil, 
Murchison and Murray (C2) meteorites. Van der Velden and Schwartz 
(1977) , in an attempt to explain the observed discrepancies, detected 
purines only, in the Murchison meteorite. Although these workers ob-
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tained indications that the pyrimidines reported by Folsome it at. 
(1971, 1973) were artefacts of the analytical procedures applied, sev-
eral problems with respect to the presence of N-heterocyclics in carbo-
naceous meteorites still persisted. 
fiuti why were Folsome Zt at. (1971, 1973) and Van der Velden and 
Schwartz (1977) unable to identify 4-triazines, although the analytical 
techniques used (GCMS and HPLC respectively) were sufficiently sensi-
tive for detection of the amounts reported by Hayatsu (1964) and 
Hayatsu e-t at. (1968, 1975)? 
SlCOnd·, what was the explanation for the fact that Van der Velden and 
Schwartz (1977) detected purines different from, and in much lower 
abundance than, those reported by Hayatsu (1964) and Hayatsu it at. 
(1968, 1975) and why were Folsome it at. (1971, 1973) unable to detect 
any purines at all? 
Thvid; biologically important purines and pyrimidines can be produced 
by Fischer-Tropsch type reactions (Hayatsu tt at., 1968, 1972; Yang and 
Or5, 1971) . However, such compounds have also been identified following 
oligomerization of HCN (Ferris zt at., 1978; Schwartz and Goverde, un-
published; Voet and Schwartz, 1981a, 1981b), a major product in Miller-
Urey reactions. Thus even if such compounds could be unambiguously 
identified in carbonaceous meteorites, several different mechanisms of 
formation would still be possible. Are there, for that reason, any 
other W-heterocyclic compounds present in carbonaceous meteorites, that 
would more conclusively indicate a specific mechanism of formation? 
The work described in this thesis provides a possible answer to 
these three questions. 
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PETERMIWATIÖW ÖF ύ-ΤΚΊΑΖΊΝΕ PERIfATII/ES AT THE WAWOGRAM LEI/EL 
8 / GAS-LIQUW CHROMATOGRAPHIC 
P e t e r G. S t o k s and Alan W. Schwartz. 
J . Chromatogr. 168: 4 5 5 - 4 6 0 , ( 1 9 7 9 ) . 
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PETERMIWATIÖN OF ¿-TRIAZÏWE PERIl/ATIl/ES AT THE NANOGRAM LEVEL 
BV GAS-LIQUW CHROMATOGRAPHY 
SUMMARY 
A gas-liquid chromatographic method for the determination of the 
triazines cyanuric acid, ammelide, ammeline and melamine at the nano-
gram level, using trifluoroacetic acid as solvent for the triazines and 
N-methyl-N-trimethylsilyltrifluoroacetamide as the silylation reagent, 
is described. Optimal derivatization and chromatographic conditions 
have been determined. The relative molar response with respect to phen-
anthrene as the internal standard was found to remain constant for 
amounts of sample in the range 0.025-10pg and the minimum detectable 
amount for quantitative analyses was found to be 2.5ng (C.a. 20 pmole) 
of each triazine. 
INTRODUCTION 
Because of the importance of derivatives of 4-triazine possessing 
herbicidal activity a number of papers have been published on their 
separation and detection, involving paper , thin-layer^'1*, gas-
liquid5'6 and high-performance liquid chromatography . In contrast, 
only a few reports have dealt with the analysis of the parent ¿-tri-
azines, which include the hydroxy and amino derivatives cyanuric acid, 
ammelide, ammeline and melamine. 
Two methods have been developed8'9 for the separation and detec-
tion of these triazines by thin-layer chromatography but, although 
these methods give satisfactory results for qualitative analyses, they 
are not entirely suitable for quantitative purposes. In the course of 
our investigation into the occurrence of N-heterocyclic compounds in 
carbonaceous meteorites, a technique was needed for the quantitative 
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detection of sub-microgram amounts of these triazines. 
We therefore investigated the possibility of using gas-liquid 
chromatography, which implies the use of a derivatization agent to in­
crease volatility and reduce polarity. It was decided to use trimethyl-
silylation for this purpose, as this technique has been reported to 
be especially suitable for the derivatization of compounds containing 
amino and hydroxy groups. N-Methyl-N-trimethylsilyltrifluoroacetamide 
(MSTFA) was selected because of its high volatility and, consequently, 
narrower solvent peaks on gas chromatograms compared with other silyl-
ation reagents. 
The technique presented here has the advantage over existing 
methods8'" of being a quantitative, highly sensitive and rapid tech­
nique for the simultaneous determination of cyanuric acid, ammelide, 
ammeline and melamine. 
EXPERIMENTAL 
ΑρραΛαίια 
Optimal gas chromatographic conditions were determined by using a 
Varian Model 1400 gas Chromatograph equipped with a flame-ionization 
detector. Combined gas chromatographic-mass spectrometric (GCMS) anal­
yses were performed with a Finnigan Model 9500 gas Chromatograph 
coupled to a Finnigan Model 3100 mass spectrometer through an all-glass 
jet separator. Both gas chromatographs were equipped with constant-flow 
controllers in the carrier gas lines. Peak areas and retention times 
were determined by using a Hewlett-Packard Model 3370 В integrator. 
Reagen-ts 
MSTFA was purchased from Pierce (Rockford, 111., USA), hexamethyl 
disilazane (HMDS) from Aldrich Europe (Beerse, Belgium) and trifluoro-
acetic acid (TFA), melamine (Mn), ammeline (An) and cyanuric acid (CA) 
from Fluka (Buchs, Switzerland). Ammelide (Ad) was synthesized via a 
literature method and was shown to be homogeneous by mass spectrom­
etry. All commercially obtained chemicals were of the highest purity 
available. 
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The systematic names of the triazines used in this study are 
2,4,6-triamino-, 2-hydroxy-4,6-diamino-, 2,4-dihydroxy-6-amino- and 
2,4#6-trihydroxy-A-triazine for melamine, ammeline, ammelide and cyan-
uric acid, respectively. Their structures are shown in Fig. 1. 
OH NM] OH NHi 
NíS^N NÍ^N H^-H N#^N 
» о - ^ Ч ^ о н H O ^ S I ^ O H H . N - ^ ' N ' ^ N H , H . N ' ^ S . ^ N H , 
Cyanuric cKid Ammelid· Ammelin· Melamin« 
Fig. 1. Structures of the four i-triazines. 
ChAomatogiapIbÍc. conditLoni 
For both gas chromatographs 1.5mx3mm glass columns were used, 
packed with 3% OV-17 on Chromosorb G AW (100-120 mesh). Helium was used 
as the carrier gas at a flow-rate of 40ml/min. The injection block tem-
o 
peratures were 220 С for both instruments; the detector temperature on 
the Varian gas Chromatograph (hydrogen, 32ml/min; air, 350ml/min) and 
the jet separator oven temperature on the Finnigan instrument were both 
maintained at 280 С 
Conditioning of both columns was performed by programmed heating 
(0.5o/min) to 270OC while four 5μ1 volumes of HMDS at 15min. intervals 
о 
were injected in the temperature range 165-195 С Heating was continued 
at 270OC for 10 days. 
Scmpli pAzpcuicution 
A stock solution of the triazines was prepared by dissolving 5mg 
of each triazine in 10ml of TFA. This stock solution was stored at 4 С 
and was prepared freshly twice a week. 
Derivatization was achieved in the following manner. Α Ιμΐ ali­
quot of the stock solution was transferred to the bottom of a capillary 
tube (3cmx2mm), MSTFA (9yl) was added and the capillary was immediately 
sealed with a flame. The contents were then thoroughly mixed and the 
capillary was immersed in an oil bath kept at 150±1 C. 
Routinely, 0.5μ1 of the resulting clear solution was injected 
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into the gas Chromatograph. Relative molar responses (RMR) were deter-
mined with respect to phenanthrene (Ph) as the internal standard. 
RESULTS AMP DISCUSSION 
Gai, chiomatognapk¿c conditLoni 
Optimal separations were obtained by using temperature program-
ming at 4 /min, with an initial column oven temperature of 140 C. Under 
these conditions the triazine derivatives were eluted between 140 and 
190OC. 
StabLLUty ofi tfUazinzi 
In order to determine accurately the amount of triazine to be 
silylated, a solvent was needed that would dissolve the triazines and 
from which aliquots could be taken for derivatization. TFA has been 
reported12 to be a suitable solvent for silylation, especially for po-
lar compounds, and it was tested for its properties with respect to the 
four triazines used in this work. 
Separate stock solutions of each triazine were prepared with 
phenanthrene as the internal standard (5mg of each in 10ml of TFA) and 
aliquots were derivatized after storage for 0, 3, 4 and 5 days at 4 C. 
Gas chromatographic analyses of the silylated derivatives showed 
the triazines to be stable towards acid hydrolysis for 3 days. RMRs 
calculated for successive analyses after 3 and 4 days did not change 
significantly in comparison with the initial values. However, a slight 
hydrolysis resulted in a trace of ammelide appearing on the gas chro-
matogram of ammeline after 4 days (Fig. 2). Therefore, stock solutions 
were prepared freshly twice a week. 
SltyùvLion o& ілАлгіпел 
For the determination of optimal derivatization conditions, the 
influence of reaction time at a specific temperature on the RMR was 
studied. 
Initial investigation revealed that heating was necessary, be­
cause without heating the responses were low and not reproducible. The 
35 
ж 
t(min) 10 5 0 
Fig. 2. Gas chromatogram of ammeiine, silylated after storage for 4 
days at 40C. SxlO"11 A.f.s.d; Ιμΐ injected (50ng); 140-200° at 40/min. 
Peaks: 1-Ad (172°); 2=An (179°); 3=Ph (192°); i=imPurity. 
Table 1 
Effect of reaction time and temperature on RMR 
Compound 
Mn 
An 
Ad 
CA 
RMR at 
5 min 
0.94 
0.Θ5 
0.7β 
1.17 
100OC 
IS min 
0.87 
Ο.ΘΟ 
0.77 
1.17 
30 min 
0.79 
0.77 
0.74 
1.13 
60 min 
0.77 
0.72 
0.70 
1.01 
RMR at 
5 min 
1.04 
0.88 
0.84 
1.25 
150OC 
15 min 
0.75 
0.85 
0.80 
1.20 
30 min 
0.66 
0.82 
0.79 
1.20 
60 min 
0.41 
0.79 
0.72 
1.18 
responses of the various triazines as a function of time at two differ­
ent temperatures are presented in Table 1. 
The results demonstrate that, although at both temperatures pro­
longed heating results in a decrease in PMR, which is most prominent 
for melamine at 150 C, the overall responses are higher on heating at 
150 C, especially for short periods of time. Therefore, heating for 
5min. at 150 С was selected for derivatization of the triazine samples. 
A typical chromatogram of the silylated triazines is depicted in Fig.3. 
Replacement of one, two or all hydroxyl groups on the triazine 
nucleus with amino groups (from cyanuric acid through ammelide and 
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timin] 10 5 0 Umin) 10 5 О 
Fig, 3. Gas chromatogram of silylated triazines. 4x10 ^ A.f.s.d. 
0.5μ1 injected; 140-200 at 4 /min; each peak represents 25ng. Peaks: 
1-CA (164°); 2-Ad (172°); 3-An (179°); 4=Mn (184°); 5-Ph (192°). 
Fig. 4. Gas chromatogram of silylated triazines. 2x10 ^ A.f.s.d. 
0.5μ1 injected; each peak represents 2.5ng. Peaks as in Fig. 3. 
ammeline to melamine) results in an increased retention time, which can 
be explained by interaction of the remaining amino hydrogen atoms with 
the moderately polar stationary phase OV-17. That the amino groups are 
indeed monosilylated, leaving one hydrogen atom available for interac­
tion, was confirmed by combined GCMS analysis; the 70eV mass spectra of 
the TMS derivatives of the four triazines showed intense peaks at m/e 
345, 344, 343 and 342, corresponding to the molecular ions of Ο,Ο',Ο"-
tris(trimethylsilyl)cyanuric acid, Ν,Ο,Ο'-tris(trimethylsilyl)ammelide, 
NjN'jO-trisitrimethylsilyl)ammeline and Ν,Ν',N"-tris(trimethylsilyl)-
melamine, respectively. No evidence was found for N,N-bis(trimethyl-
silyl) derivatization. A similar observation has been made 1' with the 
pyrimidines uracil and cytosine and the purines hypoxanthine, adenine, 
xanthine and guanine. 
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Яі ітит <ІгІе.с£а.Ыг amount о^ Vúaz-intÁ 
Several dilutions of the triazine stock solution were made and 
Ιμΐ aliquots of these solutions were silylated as described above. 
At an instrumental setting of 2x10 A/mV, 2.5ng of triazine 
injected appeared to be the minimum detectable amount for which RMR 
values could still be determined accurately (fig. 4). For qualitative 
analyses the minimum detectable amount at the same instrumental setting 
was 0.5-0.7ng at a signal-to-noise ratio of 5, with a 0.5μ1 injection. 
ЫриЛАХі&і ¿η £hi iltylation. лгадгпХ. 
In initial studies the MSTFA was found to contain impurities that 
were eluted in the temperature range 190-210 C. A final oven tempera­
ture of 220 С therefore had to be used with this MSTFA. In the course 
of the investigation another sample of MSTFA became available (pur­
chased from Macherey, Nagel&Co., Düren, G.F.R.) that did not contain 
these impurities. However, once the protective Teflon seal had been 
penetrated, the MSTFA attacked the septum material, resulting in an im-
purity peak on the gas chromatograms eluting at 173 С (Fig. 2 and 4). 
ЕЦгсХ ofi -tt-úiz-tne concznùiation on thz RMR 
The capillaries used for the silylation of nanogram amounts of 
triazine could not be used for amounts larger than lyg, owing to the 
limited solubility of the triazines in TFA. Therefore, lOyl aliquots of 
triazine solutions were silylated with 90у1 of MSTFA in sealed 1ml 
glass ampoules. The silylation conditions were the same as described 
for the capillaries. The RMR was found to remain constant over the 
sample range 25ng-10yg. 
StabLLLty oi thi ¿JULyiatzd üuAzineA 
Although many trimethylsilylated compounds are thermally stable10 
о 
the decrease in RMR on prolonged heating even at 100 С indicated that 
the TMS derivatives of the triazines used in this work are not ther­
mally stable. Therefore, prolonged heating should be avoided. After 
о heating at 150 С for 5min. the sealed capillaries could be stored at 
о 
4 С for 1 week without significant changes in the RMR. However, once a 
capillary had been opened a 10-20% decrease in RMR in less than 15min. 
З 
was observed for samples containing <10ng of triazine. The susceptibil­
ity towards hydrolysis by atmospheric humidity must therefore be 
greater for the TMS triazines than for MSTFA itself. 
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URACIL IN CARBONACEOUS METEORITES 
Previous analyses of carbonaceous meteorites have demonstrated 
the presence of the biologically significant purines adenine, guanine, 
hypoxanthine and xanthine1 . To date, however, no pyrimidine of bio-
logical importance has been reported. An earlier report4 of a fraction 
extracted from the Murray meteorite showing "cytosine-like" spectral 
characteristics was later shown to be due to an artifact of the analyt-
ical method5'6. Some unusual pyrimidines which have no known biological 
function were reported in extracts from the Murchison, Murray and 
Orgueil carbonaceous chondrites . However, these results have not been 
replicated and are now thought to have been due to artefacts2'3. Be-
cause of the reported synthesis of the pyrimidines uracil, thymine and 
cytosine in Fischer-Tropsch type reactions8'9 and the suggestion that 
such reactions may have been of significance in the production of or-
ganic material in meteorites9'10, we have reinvestigated the possible 
occurrence of pyrimidines in extracts from the Murchison, Murray and 
Orgueil carbonaceous meteorites using specific fractionation techniques 
and high-sensitivity analysis. The pyrimidines uracil, thymine and 
cytosine, together with the purines adenine and guanine are, of course, 
the building blocks of terrestrial genetic inheritance. Therefore their 
presence or absence in meteorites is also of considerable interest to 
theories of chemical evolution and the origin of life. We report here 
the positive identification of uracil in water and formic acid extracts 
of all three meteorites. 
The meteorite fragments studied were Murchison (6g, cat. no. 828) 
and Murray (5.1g, cat. no. 635.2) obtained from the Center for Meteor-
ite Studies, Arizona State University, Tempe, Arizona, and Orgueil 
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(18.35g, cat. no. 362), obtained from the Muséum National d'Histoire 
Naturelle, Paris, France. A 6g portion of this sample was used for 
analysis. Allende (5g) was a portion of a sample described previously3 
and was used as a procedural blank. 
Pulverised meteorite samples, contained in Pyrex tubes (100ml) 
with Teflon-lined screw caps, were extracted twice each with benzene 
(4inl/g) and H2O (4ml/g) , and three times each with HCOOH (8ml/g) for 
30min. at 60 С in a Sonicor model SC-400 ultrasonic tank. Extracts were 
recovered by centrifugation and evaporated under reduced pressure at 
50 С. H2O and HCOOH extracts were desalted and fractionated on charcoal 
columns as described previously3 and were hydrolysed in 3M HCl (8ml) at 
о 
110 С for 18h. After hydrolysis the solutions were diluted to IM HCl, 
extracted with ether (3x25ml) to remove compounds that are neutral in 
acidic solution (such as aromatic carboxylie acids), and redesalted. 
The purified extracts were taken up in H2O and applied onto BioRad 
AG50WX8 (H ) columns (60x4mm, 50-100 mesh), which had previously been 
eluted with 5M HCl and H2O. 
Control experiments using mixtures of the pyrimidines uracil, 
cytosine, thymine and 4-hydroxypyrimidine and the purines adenine, gua­
nine, hypoxanthine and xanthine had shown that uracil and thymine were 
selectively eluted from such columns in H2O, whereas 5M HCl was re­
quired to elute the other bases. The H2O eluates from the columns were 
о 
evaporated under reduced pressure at 50 С and taken up in 0.IM NH3 
(40μ1). 
Analysis was performed by both cation and anion exclusion chroma­
tography using Aminex A25 and A6 columns as described previously3. The 
complete analysis of other fractions will be reported elsewhere. 
UV absorption of the eluates was monitored at 254 and 2 0пт si­
multaneously (see Fig. 1). Peaks in the uracil position of the A25 cat­
ion exclusion chromatograms were refractionated on A6 and collected for 
analysis by mass spectrometry. 
Although thymine could not be positively identified, for compar­
ison, maximum concentrations were calculated from peak heights. Initial 
identification of uracil was based on comparison of retention times and 
the ratios of the UV absorbance at 280 and 254nm with those of authen­
tic standards. Retention times on both columns agreed to within 1% or 
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Fig. 1. Chromatograms of the formic acid extract of the Murchison mete-
orite. A25 shows the fractionation of the purified extract on Aminex 
A25 at pH 4.0 while A6 is the refractionation of the isolated uracil 
peak on Aminex A6 at pH 10.0 (see ref. 3 for details). 
U, uracil; T, thymine. 
Table l 
Uracil (U) concentrations and estimated maxlioum concentrations of 
* 
Thymine (T) in extracts of carbonaceous meteorites (ng per g sample) 
Meteorite 
Allende 
Orgueil 
Murchison 
Murray 
II2O 
U 
<0.5 
46 
30 
19 
extract 
Τ 
<0.S 
<4 
<2 
<1 
HCOOH 
U 
<0.5 
27 
33 
18 
extract 
Τ 
<0.S 
<1 
«:i 
«;i 
Total 
и 
<0.5 
73 
63 
37 
Τ 
<0.5 
<B 
<3 
<2 
Thymine concentrations were estimated from observed peak heights 
in the positions expected for thymine on the chromatograms 
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less with those of authentic uracil, while the 280/254 absorbance ra-
tios agreed to within 10% or less. Results are summarised in Table 1. 
The identity of uracil was confirmed by programmed ion monitoring 
on a Finnigan model 3100 mass spectrometer. An intense response for 
both m/e 112 (M of uracil) and m/e 69 (M-HNCO) was obtained from all 
isolated peaks in the uracil position of both LC columns. In addition, 
the volatilisation behaviour of all samples matched that of an authen-
tic uracil sample. 
Procedural blanks run on extracts of the Allende sample were car-
ried through all stages of the analysis and revealed no measurable con-
tamination with uracil or thymine. Amounts of these pyrimidines corre-
sponding to 0.5ng per g of meteorite would have been detectable. 
Studies of the distribution of biogenic purines and pyrimidines 
in various soils and recent sediments demonstrate a marked lack of ura-
cil with respect to the other bases11 13. Reported uracil-to-thymine 
ratios do not exceed unity and decrease rapidly in older samples13'14. 
A contemporary zooplankton sample has been shown to have a uracil-to-
thymine ratio of 1.75 (ref. 13). In contrast, the Orgueil, Murchison 
and Murray meteorite samples analysed in this work show uracil-to-
thymine ratios exceeding 15. These results strongly suggest an indige-
nous origin for the uracil. 
It is not surprising that there has been no previous report of 
uracil occurrence in carbonaceous meteorites, considering its low abun-
dance in the three meteorite samples studied. In analyses of unfrac-
tionated meteorite extracts its presence may easily be masked by other, 
more abundant components. 
Among compounds synthesised in Fischer-Tropsch type reactions in 
conditions resembling those thought to have occurred during the early 
history of the solar nebula9'10, biologically important amino acids, 
purines and pyrimidines have been identified8'9'15'16. With the notable 
exception of pyrimidines, these same compounds have also been reported 
to exist in carbonaceous meteorites1 S'SrlVrie^ Although it is unlikely 
that a single mechanism can explain the patterns of organic compounds 
observed, the present identification of uracil in the Murchison, Murray 
and Orgueil meteorites does seem to support the earlier hypothesis , 
that Fischer-Tropsch type reactions may have played a part in the syn-
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thesis of organic material in carbonaceous chondrites. 
REFEREMCES 
1. Hayatsu, R. Science 146, 1291-1293 (1964). 
2. Hayatsu, R., Studier, M. H., Moore, L. P. & Anders, E. GeccÁ-Ún. 
Coimockim. Avta 39_, 471-488 (1975). 
3. Van der Velden, W. & Schwartz, A. W. Geoefum. Coimockim. hcXa 41^ , 
961-968 (1977). 
4. Calvin, M. Chem. Engng Neun 39, 96-104 (1961). 
5. Огв, J . NatuAZ 197, 756-758 (1963). 
6. Kaplan, I . R., Degens, E. T. & Reuter, J . H. Gíoclbim. CoAmOchím. 
Acta 27, 805-834 (1963). 
7. Folsome, С. E., Lawless, J. G., Romiez, M. and Ponnamperuma, С. 
Gzochim. CoimochÁjn. Acta 37, 455-465 (1973). 
8. Hayatsu, R., Studier, M. H., Oda, Α., Fuse, К. & Anders, E. 
Giochbn. Coimockim. АсХа. 32, 175-190 (1968). 
9. Hayatsu, R., Studier, M. H., Matsuoka, S. & Anders, E. GtOchÁJn. 
Co-smodúm. Acta 36, 555-571 (1972). 
10. Anders, E., Hayatsu, R. a Studier, M. H. Sctence 182, 781-790 
(1973). 
11. Van der Velden, W. & Schwartz, A. W. Science 185, 691-693 (1974). 
12. Van der Velden, W. a Schwartz, A. W. Env¿Home.nta¿ l&¿0ge.0chem¿&Üiy 
(ed. Nriagu, J. О.) 175-183 (Ann Arbor Science, Ann Arbor, 1976). 
13. Van der Velden, W. & Schwartz, A. W. Chem. Gzot. 18^, 273-284 
(1976). 
14. Dungworth, G., Thijssen, M., Zuurveld, J., Van der Velden, W. & 
Schwartz, A. W. Chem. Geol. ¿9, 295-308 (1977). 
15. Yoshino, D., Hayatsu, R. a Anders, E. Gzodnim. Coimockim. АсХа 35, 
927-938 (1971). 
16. Hayatsu, R., S t u d i e r , M. H. a Anders, E. GeochÁJtl. CoimOchÁM. Acta 
35_, 939-951 (1971). 
17. Cronin, J. R. a Moore, С. В. Science 172, 1327-1329 (1971). 
18. Kvenvolden, К. А. еЛ al. МоІИЛе 228, 923-926 (1970). 
46 
CHAPTER IV 
NITROGEN-HETEROCyCLIC COMPOUNDS IN METEORITES: 
SIGNIFICANCE AW MECHANISMS OF FORMATION 
P e t e r G. S toks and Alan W. Schwartz . 
Geochim. Cosmochim. Acta 45 :^ 5 6 3 - 5 6 9 , 
(1981) . 
47 
NmOGEN-HETEMCVCLlC COMPOUWS IN METEORITES·· 
SIGWIFICAWCE ANP MECfiANISMS OF FÖRMATIOW 
ABSTRACT 
Samples of the Murchison (C2), Murray (C2) and Orgueil (Cl) car-
bonaceous meteorites were analyzed for nitrogen-heterocyclic compounds 
using gas chromatography, cation and anion exclusion liquid chromatog-
raphy and mass spectrometry. The purines adenine, guanine, hypoxanthine 
and xanthine were identified in formic acid extracts of all samples, in 
concentrations ranging from 114-655ppb. Purines have not previously 
been found in the Murray meteorite and adenine, hypoxanthine and xan-
thine have never simultaneously been detected in meteorite extracts. 
All four biologically significant purines, as well as the pyrimidine 
uracil have now been Identified in these meteorites. A number of other, 
previously reported W-heterocyclic compounds such as certain hydroxy-
pyrimidines and 4-triazines could not be detected in any of the ex-
tracts. Laboratory data indicated that both these classes of compounds 
may be formed from structurally simple precursors (such as guanylurea 
in the case of ¿-trlazines) during the extraction and analysis of mete-
orite extracts. 
We find that the suite of W-heterocyclic compounds identified in 
meteorites do not, at present, permit a clear distinction to be made 
between mechanisms of synthesis such as the Fischer-Tropsch type and 
other candidates. Secondary reactions and conversions in meteorite par-
ent bodies, of HCN and other nitriles produced by Miller-Urey type re-
actions as well as by Fischer-Tropsch type reactions must also be con-
sidered. 
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IWTROPUCTION 
Geochemical studies of carbonaceous chondrites have provided 
valuable clues regarding conditions in the solar nebula (Grossman and 
Larimer, 1974; Mason, 1975; Nagy, 1975). The organic contents of these 
meteorites have also been useful in such studies, and in addition, may 
provide information concerning the mechanisms of chemical evolution in 
general as well as some knowledge of the possible "raw materials" for 
the development of life on the Earth. Distribution patterns of organic 
compounds in carbonaceous meteorites have been related to proposed 
mechanisms such as Fischer-Tropsch type reactions (Anders еЛ. οϋί., 1973; 
Hayatsu eX. aZ. , 1977). It has been found that meteoritic and Fischer-
Tropsch alkanes show a strong predominance of normal (straight chain) 
isomers, along with 2-methyl, 3-methyl and 2,3-dimethyl isomers, while 
a similar correlation is not found in Miller-Urey type reactions 
(Studier eí al., 1968; Anders et al., 1973; Hayatsu zZ al., 1977). 
Attempts to establish a similar correlation regarding N-heterocyclic 
compounds have been obscured by the failure of different groups to ob-
tain similar analytical results on the distribution of these compounds 
in carbonaceous meteorites. Thus biologically significant purines and 
pyrimidines as well as ¿-triazines have been reported to be formed in 
Fischer-Tropsch type syntheses (Hayatsu Zt al., 1968, 1972; Anders CÍ 
al., 1973). However, Folsome et al. (1971, 1973) have failed to find 
these compounds in carbonaceous meteorites, but have reported a suite 
of nonbiological hydroxypyrimidines. It has previously been shown that 
purines (Hayatsu, 1964; Hayatsu et al., 1968, 1975; Van der Velden and 
Schwartz, 1977) and the pyrimidine uracil (Stoks and Schwartz, 1979a) 
are present in carbonaceous meteorites, and that the identification of 
hydroxypyrimidines can be explained (for the Murchison meteorite) by 
artefacts (Van der Velden and Schwartz, 1977; Stoks and Schwartz, 
1981). The present work describes a more extended investigation into 
the distribution of W-heterocyclic compounds in the Murchison, Murray 
and Orgueil meteorites. A combination of analytical techniques, in-
cluding GC, HPLC and MS were employed in an attempt to explain the dis-
crepancies existing in the literature and to reexamine the proposal 
that the patterns of W-heterocyclic compounds in these meteorites re-
veal a similarity to those produced in Fischer-Tropsch type reactions 
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(Anders eX. Ol., 1973; Hayatsu it al., 1977). 
EXPERIMENTAL 
The Murchison (6g, Cat. No. 2 ) and Hurray (5.1g, Cat. No. 
635.2) meteorite fragments were obtained from the Center for Meteorite 
Studies, Arizona State University, Tempe, Arizona, and the Orgueil 
sample (18.35g, Cat. No. 362) was obtained from the Museum National 
d'Histoire Naturelle, Paris, France. A 6g portion of this sample was 
used for analysis. A 5g portion of an Allende sample, described previ­
ously (Van der Velden and Schwartz, 1977) was used as a procedural 
blank. 
ЕхЛласЛіоп рлосгаилг 
Pulverized meteorite fragments were extracted with benzene 
(2x4ml/g), H2O (2x4ml/g) and HCOOH (3x8ml/g) each for 30min. at 60OC in 
a Sonicor model SC-400 ultrasonic tank, as described previously (Stoks 
and Schwartz, 1979a). A flow chart of the subsequent fractionation pro­
cedure is depicted in Fig. 1. The residues after extraction with HCOOH 
were hydrolyzed in 3M HCl (18h) at 110oC. Recovered H2O and HCOOH ex­
tracts were desalted and fractionated on charcoal columns and were hy­
drolyzed in 3M HCl (8ml) at 110OC for 18h.(Van der Velden and Schwartz, 
1977; Stoks and Schwartz, 1979a). The hydrolyzed extracts were diluted 
to IM HCl, extracted with ether (3x25ml) and redesalted. The purified 
extracts were taken up in H2O and fractionated on BioHad AG50WX8(H ) 
columns (60x4mm, 50-100 mesh) by elution with H2O and 5M HCl. Details 
on this procedure, as well as the results of the analyses of the H2O 
eluates from these columns for uracil and thymine have recently been 
published (Stoks and Schwartz, 1979a). The 5M HCl eluates from the col­
umns were evaporated under reduced pressure at 50 С and taken up in 4% 
aqueous CH3CN, and were applied to C18 reversed phase columns 
(100x9mm). A fractionation according to polarity was achieved by suc­
cessive elution with 4% aqueous CH3CN and pure CH3CN. The more polar 
fraction (4% CH3CN) was evaporated and taken up in 0.1M NH3 (100μ1) for 
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I 
CHARCOAL CLEAN-UP—»GC. HPLC 
1 
3M HCl HYDROLYSIS 
I 
ETHER EXTRACTION • ETHER EXTRACT i 
CHARCOAL CLEAN-UP—»GC. HPLC 
1 
AG50WX8(H*) »·5Μ HCl ELUATE 
I 
1 
H2O ELUATE С1 REVERSED PHASE 
A'/. CH3CN CH3CN 
HPLC, MS 
Fig. 1. Flow chart of the fractionation procedure applied to H2O and 
HCOOH extracts. 
subsequent liquid chromatographic analysis. 
Initial analyses of portions of the H2O and HCOOH extracts of the 
meteorite samples by ion exclusion liquid chromatography revealed the 
presence of appreciable quantities of u.v. absorbing material, liber­
ated during the extraction. This material, although excluded from the 
LC columns, showed considerable tailing, thus interfering with the 
analyses. Therefore the 3M HCl hydrolysis and subsequent fractionations 
on AG50WX8(H ) and C18 reversed phase columns was incorporated. 
Gai chiomatoд/ихрЫс analy&ÁJ, {¡on. й-іліа.гЫг& 
Gas chromatographic analyses were performed on a Varían model 
1400 gas Chromatograph equipped with a FID. A glass column (1.5mx3mm) 
was used, packed with 3% OV-17 on Chromosorb G AW (100-120 mesh). Gas 
flows were: He 40ml/min., H2 and air (FID) 32 and 350ml/min. respec-
tively. Both carrier and H2 lines were equipped with constant-flow 
controllers. 
Samples of the meteorite H2O and HCOOH extracts, corresponding to 
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0.1g of meteorite, were taken before and after hydrolysis, as indicated 
in Fig. 1, and evaporated in glass capillaries (40x4nim, conical tip). 
Tnfluorcacetic acid (2μ1) and N-methyl-W-trimethylsilyltnf luoroacet-
amide (18ul) were added and the samples were denvatized (5min. 150 C) 
according to Stoks and Schwartz (1979b). Similarly, samples of the 3M 
HCl hydrolyzates of the residues after HCOOH extraction were denva­
tized after desalting. 
It should be noted that this method of denvatization has been 
optimized for 4-triazines. Purines and pyrimidines are not detectable 
under these conditions. 
LiqiU-d chAomatogfiaphy 
Cation and anion exclusion liquid chromatographic analyses were 
performed using Aminex A25 and A6 columns as described previously (Van 
der Velden and Schwartz, 1977) . u.v. Absorption of the eluates was mon­
itored at 254 and 280nm simultaneously by means of a Chromatronix model 
230 dual channel detector, and at 230nm with a Varían vari-chrom detec-
tor. Retention times and peak areas were recorded using a Perkin-Elmer 
Sigma 10 Chromatography Data Station. For standard compounds retention 
times on both columns were reproducible to within 1%. 
Молл іргсЛлотг іу 
Mass spectrometric analyses of isolated peaks from the LC columns 
were performed on a Finnigan model 4000 quadrupole mass spectrometer, 
coupled to an INCOS datasystem. The minimum detectable amount for stan­
dard compounds was 50-100ng in solid probe mode of operation. 
RecoveAt/ od N-h<Lt<inoe.ycJU.(L¿> 
The efficiency of the extraction procedure was determined by ex-
traction of an Allende sample containing known amounts of standard com-
pounds. Recoveries of purines, pyrimidines and -A-tnazines for the H2O 
extraction after desalting ranged from 41% (thymine) to 81% (cytosine). 
For the HCOOH extraction an average recovery of 71% was found. Recov-
eries of purines and pyrimidines in the 3M HCl hydrolysis averaged 60%. 
However, the aminotnazines melamine, ammeline and ammelide were large-
ly hydrolyzed under these conditions. Recoveries ranged from 5% (mela-
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mine) to 26% (ammeline). Overall recoveries for the AG50WX8(H ) and С1 
reversed phase fractionations were 87%. In addition to the Allende sam­
ple used for recovery experiments, four different, extensively water-
washed clay minerals were also tested: kaolinite No. 5, kaolinite No. 
9, illite No. 36 and montroorillonite No. 24 (Ward's). Average recov­
eries for the H2O extracts were: kaolinite No. 5: 47.2; kaolinite No. 
9: 74.5; illite No. 36: 26.4; montmorillonite No. 24: 62.0%. For the 
HCOOH extracts recoveries were: kaolinite No. 5: 51.0; kaolinite No. 9: 
63.8; illite No. 36: 24.3; montmorillonite No. 24: 45.4%. In the worst 
recoveries found— illite No. 36 in HCOOH— the average recovery of py-
rimidines was 48% (ranging from 15.1 for cytosine to 75.8 for uracil) 
and that of the purines was less than 1%. Interestingly, purines were 
in general easier to extract in H2O than in HCOOH; the best recoveries 
being from kaolinite No. 9 and montmorillonite No. 24, yielding from 56 
to 87% for all purines. 
RESULTS 
VloczduAot blank 
The H2O and HCOOH extracts, as well as the 3M HCl hydrolyzate of 
the Allende sample were taken through all stages of the analysis. No 
measurable amount of any of the sought N-heterocyclics could be de­
tected. In liquid chromatographic analyses the detection limit, and 
therefore upper limit to concentrations of the pyrimidines cytosine and 
4-hydroxypyrimidine, and the purines adenine, hypoxanthine, guanine and 
xanthine was 4-8ppb. In gas chromatographic analyses of the 4-tri-
azines, the detection limit and thus the upper limit to concentrations 
of melamine, ammeline, ammelide and cyanuric acid was 50ppb. 
Meteo/liti ¿ampien 
Риліпел 
Although several prominent peaks appeared in the ion exclusion 
chromatograms of the purified H2O extracts of all three meteorites, 
none of these showed a correlation with authentic standard compounds. 
No purines or pyrimidines could be detected above the background level 
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of 4-8ppb. 
In the cation exclusion chromatograras of the purified HCOOH ex­
tracts of the Murchison, Murray and Orgueil meteorite samples prominent 
peaks appeared in the positions corresponding with the purines adenine, 
hypoxanthine, guanine and xanthine (Fig. 2). 
5 ГО 15 20 25 30 t(min) 
Fig. 2. Aminex A25 cation exclusion chromatogram of the purified HCOOH 
extract of the Murray meteorite. HX«hypoxanthine, X=xanthine, A=ade-
nine, G=guanine. 
Isolated peaks were refractionated on the anion exclusion column and 
collected for mass spectrometric analysis. Retention times on both col­
umns agreed to within 1% with those of authentic standards. Although 
280/254 absorbance ratios could not accurately be determined on the A25 
cation exclusion chromatograms, due to incomplete resolution, corre­
sponding absorbance ratios on the A6 chromatograms of isolated peaks 
agreed to within 10% with those of standard compounds. Results are sum­
marized in Table 1. 
The identity of isolated peaks was confirmed by mass spectrome­
try. Selected ion monitoring (m/e 152, 109 and 81 for xanthine; m/e 
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Table 1 
4 
Purine concentrations in purified HCOOB extracts of carbonaceous 
meteorites (ppb) 
Meteorite hypoxanthine adenine xanthine guanine total 
Murchison 215 267 530 234 1246 
Murray 243 236 655 515 1649 
Orgueil 139 114 12Θ 143 542 
Allende <β <6 <4 <5 
* 
not corrected for losses 
135, 108 and 81 for adenine; m/Z 136, 109 and 81 for hypoxanthine and 
m/Z 151, 109 and 81 for guanine) clearly revealed the identity of the 
compound under investigation in all instances. 
As in the earlier investigation of Murchison (Van der Velden and 
Schwartz, 1977), we found that the bulk of the u.V. absorbing material 
present in the meteorites was liberated into the H2O and HCOOH ex­
tracts. Only minor amounts of u.V. absorbing material were present in 
the 3M HCl extracts (hydrolyzates) after desalting. Therefore AG50WX8 
(H ) and C18 reversed phase fractionations were not applied to these 
fractions. Upper limits to the concentrations of the purines adenine, 
guanine, hypoxanthine and xanthine were 40-50ppb. in these hydroly­
zates. 
Hydsw xypy>i¿m¿cUneJ> 
In confirmation of the earlier report (Van der Velden and 
Schwartz, 1977), that 4-hydroxypyrimidine and certain related compounds 
could not be detected in the Murchison meteorite, we estimate the max-
imum possible concentrations of these compounds in our samples of the 
Murchison, Murray and Orgueil meteorites to be about lOppb. 
¿-TAÄazineJ) 
Aliquote (2vl) of the derivatized meteorite extracts were anal-
yzed for ¿-triazines by gas chromatography (Fig. 3). No melamine, am-
meline, ammelide or cyanuric acid could be detected in any meteorite 
extract above the detection limit of 50ppb. Although in all gas chroma-
tograms of the meteorite extracts analyzed, a peak appeared in the po-
sition expected for ammelide, subsequent hydrolysis of the remaining 
derivatized sample in 0.1M NH3 and analysis by ion exclusion liquid 
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chromatography showed no indication of the presence of ammelide in con­
centrations exceeding background levels of 50-100ppb. in any meteorite 
extract (monitoring at 230nin) . Under the conditions used for gas chro­
matographic analyses of meteorite extracts, authentic guanylurea and 
ammelide were found to cochromatograph. Since guanylurea has been iden­
tified in extracts of both the Orgueil and the Murchison meteorite 
(Hayatsu tt ai., 1968, 1975) this is a likely alternative. However, 
since guanylurea could not be analyzed in the HPLC system used, its 
identification remains speculative. 
t(min) s о 
Fig. 3. Gas chromatogram of a derivatized sample of the Orgueil HCOOH 
extract after hydrolysis. 2xlO~1:L A.f.s. 140-200oC at 40/min. Indicated 
are the expected positions for elution of the following compounds: 
]=cyanuric acid, 2=guanylurea (tentative identification), 3=annneline, 
4=melamine. 
DISCUSSION 
6-TrUaz¿n&& 
The synthesis of i-triazines from simple starting materials has 
frequently been described in the literature. Urea, for instance, pro-
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duces cyanuric acid and ammelide upon heating at 120 С. Cyanuric acid 
is also produced as a byproduct in the acetylation of urea. Ammelide 
and ammeline are synthesized in fair yield from guanidine, cyanoguani-
dine and guanylurea; either alone or in mixtures containing urea. Gua­
nidine, upon heating at 180 С produces melamine in 71% yield (Smolin 
and Hapoport, 1959; and references therein). Guanidine and cyanoguani-
dine have not been reported to exist in carbonaceous meteorites. They 
are, however, readily hydrolyzed in 3M HCl and their hydrolysis prod­
ucts, urea and guanylurea, have both been identified in acid hydroly-
zates of the Orgueil and Murchison meteorites (Hayatsu, 1964; Hayatsu 
it OÍ., 1968, 1975). In view of the low stability of the aminotri-
azines towards acid hydrolysis, and the relative ease of fromation from 
simple starting materials, we have tested the possibility that the i -
triazines identified by Hayatsu (1964) and Hayatsu dt CÜi. (1968, 1975) 
may have been artefacts formed from precursors present in the meteorite 
extracts, during the analytical procedures applied. 
When authentic guanylurea.HCl was heated in the mass spectrometer 
at moderate temperatures (50-100 C), only peaks attributable to guanyl-
urea were seen. At higher temperatures (100-150 C) guanylurea peaks 
slowly decreased. However, new peaks appeared at m/e 126, 128 and 129, 
corresponding to the molecular ions of melamine, ammelide and cyanuric 
acid, respectively; m/e 129 being most abundant only for a short while. 
At still higher temperatures (200-250oC) m/e 128 and 129 had reverted 
to background levels. The peak at m/e 126 was now prominent, followed 
by a peak at m/e 127 (M of ammeline) the intensity of which increased 
rapidly, dominating the spectrum towards 250 С All peaks reverted to 
о 
background levels soon after the probe temperature had reached 250 C. 
When guanylurea.HCl was heated in the mass spectrometer at 50 С until 
all peaks had reverted to background levels, no peaks attributable to 
triazines were seen upon heating to 250 C, thus clearly revealing the 
absence of -ò-triazine contaminants in the guanylurea sample. The rela-
tive intensities of the ammelide and cyanuric acid peaks were higher 
upon heating mixtures of guanylurea and urea under similar conditions. 
These results suggest that the previous identifications, by mass 
spectrometry, of ¿-triazines in acid hydrolyzates of the Murchison me-
teorite (Hayatsu eí α£., 1975) may have been artefacts of the analyti-
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cal procedure. 
Mass spectrometry was not used in the identification of ¿-tri-
azines in the Orgueil meteorite by Hayatsu (1964) and Hayatsu Zt CCt. 
(1968). However, their extraction techniques involved acetylation or 
butanol liquid/liquid extraction of acid hydrolyzates. 
Authentic guanylurea.HCl was acetylated with acetic anhydride 
(6h reflux) and the acetic anhydride was evaporated. To the residue was 
added 3M HCl, and hydrolysis was performed at 30 С for 18h. Gas chro­
matographic analysis revealed the presence of peaks in the positions of 
cyanuric acid, ammelide (and/or guanylurea), ammeline and melamine. 
Hayatsu (1964), under similar conditions, identified ammeline and mel-
amine in the Orgueil meteorite. Cyanoguanidine, when heated in butanol 
produces melamine in 70-90% yield (Smolin and Hapoport, 1959). Mela-
mine, as well as guanylurea were identified in a butanol extract of the 
acid hydrolyzate of the Orgueil meteorite (Hayatsu e-t л£. , 1968). Am-
idines and guanidines seemed to be present in this same extract. 
The above data suggest that certain manipulations (acetylation, 
butanol reflux, direct probe MS) are capable of producing ¿-triazines 
from simple precursors. The fact that -4-triazines have only been iden-
tified following such manipulations (Hayatsu, 1964; Hayatsu eX. aJL., 
1968, 1975) seems to support our hypothesis that 4-triazines do not 
actually exist in carbonaceous meteorites. Rather, they are artefacts 
of the experimental and analytical procedures. 
РиЛуіпел 
It is now clear that compositional heterogeneity in the carbona­
ceous meteorites studied must be responsible for a part of the problem 
in replicating results between different laboratories. Differences in 
extraction techniques have probably also been important. For example, 
we have found extraction at 60 С with formic acid to be an efficient 
method of liberating purines. By contrast, Hayatsu (1964) and Hayatsu 
&t aZ. (1968, 1975) identified purines in HCl hydrolyzates only. It is 
perhaps noteworthy in this respect, that they extracted meteorite sam­
ples with 88% aqueous formic acid, whereas anhydrous formic acid was 
used in the present study (see footnote on following page). 
We can mention several observations suggesting heterogeneity. 
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E. Anders (personal communication) reports a 7% magnetite content in 
one sample of Murchison, but no detectable magnetite in another sample 
of the same meteorite. Hayatsu e£ at. (1975) identified purines in only 
one of the two samples of the Murchison meteorite analyzed. Finally, in 
our own laboratory, we have observed large differences between the con-
centrations of purines extracted from two samples of Murchison from the 
same source. These samples, both of which bear number 828 of the Center 
for Meteorite Studies, Arizona State University, are actually from two 
individuals of the Murchison "fall" [C. F. Lewis (associate curator), 
personal communication]. Van der Velden and Schwartz (1977) found xan-
thine to be the major purine extracted, in refluxing anhydrous formic 
acid, from one of these samples. In contrast, in the present study on 
the second sample, much less xanthine, but relatively higher concentra-
tions of the other purines were extracted by sonication at 60 C. 
•The failure of Folsome Zt at. (1971, 1973) to detect purines in 
extracts from the Murchison, Murray and Orgueil meteorites seems to 
reflect largely insufficient sensitivity of analysis. We have estimated 
that, based on their data, at least l-2ppm. would have been required 
for detection. This is well above concentrations reported in the pres-
ent work. Remarkably high concentrations of purines in the Orgueil and 
Murchison meteorites were reported by Hayatsu (1964) and Hayatsu C-t &£. 
(1968, 1975). However, the analytical techniques applied in these 
studies (paper chromatography, mass spectrometry) are not very suitable 
for quantitative purposes, as opposed to gas chromatography (Folsome i t 
CLt., 1971, 1973, and this work) and especially liquid chromatography 
(Van der Velden and Schwartz, 1977; Stoks and Schwartz, 1979a, and this 
A reviewer has suggested the possibility that synthesis of pu-
rines might occur during extraction. Although formic acid is known to 
produce purines from suitable precursors (Brown, 1971), both the nature 
of these precursors and the reaction conditions required make the oc-
currence of such reactions during extraction highly improbable. In ad-
dition to the procedural blank conducted with Allende (C3), samples of 
Allan Hills A77307,29 (СЭ; Marvin and Mason, 1980) and of Niger I (C2; 
Desnoyers, 1980) were extracted using the same techniques, and prelim­
inary analyses of the formic acid extracts of these meteorites revealed 
the absence of biologically important purines above a level of 20-50 
ppb. (Stoks and Schwartz, unpublished data). Furthermore, purines have 
also been identified in HCl hydrolyzates of carbonaceous meteorites 
(Hayatsu, 1964; Hayatsu et at., 1968, 1975). 
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work). Furthermore, no details are given on the quantitative aspects of 
these studies. 
CONCLUSIONS 
A number of confusing discrepancies concerning the reported oc­
currences of N-heterocyclic compounds in meteorites have now been clar­
ified. It has been established that significant concentrations of the 
purines adenine, guanine, hypoxanthine and xanthine are present in acid 
extracts. Lower concentrations of uracil are also present. The high 
uracil-to-thymine ratios in water and formic acid extracts of all three 
samples (Stoks and Schwartz, 1979a) as well as the absence of purines 
in the water extracts, observed in the present study, argue against a 
significant terrestrial contamination. The appearance of uracil in the 
water, as well as formic acid extracts, indicates that this pyrimidine 
is, to some extent, less tightly bound than are the purines. It is per­
haps significant in this regard that purines form stronger complexes, 
both with other aromatic ring systems (Tamura Zt at., 1971) and with 
certain clay minerals (Shaw, 1965; Lailach and Brindley, 1969) than do 
the pyrimidines. 
In a preliminary report of some of these results (Stoks and 
Schwartz, 1981) we have suggested that, while the reported correlations 
of hydrocarbon contents seem to be in good agreement with Fischer-
Tropsch type syntheses (Hayatsu at a£., 1977; Studier e£ al., 196Θ, 
1972), comparisons of nitrogen-compound distributions are much less 
certain. Indeed the absence of -i-triazines in the meteorites provides a 
serious problem. The triazines detected in products from Fischer-
Tropsch type reactions are not likely to be artefacts of the analytical 
procedures, since the reaction conditions applied seem entirely ade­
quate for their synthesis from potential precursors. More importantly, 
.¿triazines have also been identified in products from Fischer-Tropsch 
type reactions using entirely different analytical techniques, such as 
paper chromatography and i.r. spectroscopy (Yang and Oró, 1971). 
Attempts at making such correlations are complicated by the fact 
that distribution patterns of nitrogen-containing compounds from 
Fischer-Tropsch type reactions seem to be highly dependent upon the re-
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action conditions, while slight variations in reactant composition also 
seem to give highly different distribution patterns of these compounds 
(Hayatsu it dl., 1968, 1971, 1972; Yoshino zt al. , 1971; Brown and 
Lawless, 1974). 
It has been argued that the high concentrations of ammonia ap­
plied in these studies (up to Н2:СО:Шз=1 :1:1 ; Hayatsu it al. , 1968, 
1971, 1972; Yang and Огб, 1971; Yoshino it al., 1971) do not reflect 
the probable conditions in the solar nebula (Miller Zt al., 1976). Al­
though recent kinetic studies on ammonia formation in the solar nebula 
(Lewis and Prinn, 1980; Norris, 1980) support the consensus that N2 was 
by far the most abundant form of nitrogen, they nevertheless suggest 
that significant amounts of NH3 may have been present (up to 1%). How­
ever, synthetic studies have not been reported using such proportions 
of N2 and NH3 and extrapolation from high-pressure experimental syn­
theses to the solar nebula is speculative (Anders it al., 1973). The 
same reservation also applies, of course, to Miller-Urey type synthe­
ses. An additional complication which must be considered is that if 
Fischer-Tropsch type reactions did take place in the solar nebula (the 
mechanism of formation of the nitrogen-containing products in this syn­
thesis is not at all clear), secondary processing in the meteorite par­
ent bodies may have obscured the traces of this process. Such proces­
sing clearly involved the participation of liquid water, perhaps for 
periods of the order of 10 3 yr (Kerridge and Bunch, 1979). This may be 
of particular importance with regard to the absence of ¿-triazines and 
the low content of pyrimidines observed, as these compounds are intrin-
sically less stable than the purines. Furthermore, a suite of products 
similar to those identified in meteorites is also to be expected as a 
result of the oligomerization of HCN, a major product in Miller-Urey 
type syntheses. 
Until more data are available enabling a distinction to be made 
among the various possibilities, it seems reasonable to assume that the 
formation of nitrogen-containing compounds in carbonaceous meteorites 
has involved a variety of pathways; perhaps including, but not limited 
to, the Fischer-Tropsch type mechanism. 
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NITROGEN CÖMPOUNPS IN CARBONACEOUS METEORITES: 
A REASSESSMENT 
A reinvestigation of the presence of N-heterocyclic compounds in 
the Murray, Murchison and Orgueil carbonaceous meteorites has been un-
dertaken in our laboratory. The positive identification of the pyrim-
idine uracil and the purines adenine, guanine, xanthine and hypo-
xanthine is reported. The ¿-triazines melamine, ammeline, ammelide and 
cyanuric acid could not be detected in any meteorite, above a detection 
limit of SOppb. These results, together with laboratory data on the 
formation of ¿-triazines, are discussed in relation to proposed mecha-
nisms of formation of organic compounds in carbonaceous meteorites. 
Meteorites are generally believed to be remnants of the early 
history of the Solar System (1,2,3). The carbonaceous, or carbon con-
taining meteorites as a subclass are of great value to the study of the 
origin of Life, since the analysis of their indigenous organic content 
may provide valuable information about processes that have occurred in 
the Solar Nebula, as well as about chemical evolution on the primitive 
Earth. 
Detailed analyses of the extractable organic material present in 
carbonaceous meteorites have revealed, (to list but a few examples) the 
presence of hydrocarbons (4,5), amino acids (6,7), carboxylic acids 
(8,9) and N-heterocyclics (10,11,12,13,14,15). 
Although different analyses may show variations, certain quanti-
tative and qualitative features within several compound classes appear 
to be characteristic for a specific meteorite, or even for different 
meteorites belonging to the same type (2,7,8,16). However, a marked 
discrepancy exists regarding the distribution of N-heterocyclics, even 
within fragments of the same meteorite. Hayatsu (12) and Hayatsu e¿ di. 
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(13,14) identified several purines and 4-triazines in extracts from the 
Orgueil and Murchison meteorites. In contrast, Folsome it odi, (10,11) 
identified only 4-hydroxypyrimidine derivatives in extracts from these 
two meteorites, as well as in extracts from the Murray meteorite. Van 
der Velden and Schwartz (15) identified purines only, in extracts from 
the Murchison meteorite. In addition, they obtained strong evidence 
that the hydroxypyrimidines reported by Folsome eX ai., were due to ar­
tefacts. 
Fischer-Tropsch type reactions (catalytic reactions of H2, CO and 
NH3), have been proposed as the source of organic material in the Solar 
Nebula and in meteorites (1,5,17). Although distribution patterns of 
hydrocarbons in Fischer-Tropsch type products and in carbonaceous mete­
orites show a marked correlation, which apparently cannot be explained 
by Miller-Urey type reactions (1,5,17,18), the observed discrepancies 
in W-heterocyclic content of carbonaceous meteorites (10,11,12,13,14, 
15,19) have made a correlation with Fischer-Tropsch type products rath­
er difficult. In view of the importance of purines and pyrimidines in 
theories of the origin of Life, as well as of N-heterocyclics in gener­
al for theories on the origin of organic material in meteorites, we 
have reanalyzed samples of the Murchison meteorite, as well as new 
samples of the Orgueil and Murray meteorites, using a combination of 
analytical techniques. We have attempted to explain the discrepancies 
observed in the literature, thus enabling a more reliable correlation 
with proposed mechanisms of formation, such as Fischer-Tropsch type 
reactions. 
In brief, extraction procedures involved sonication at 60 С in 
benzene, water and formic acid successively, and hydrolysis of the 
water and formic acid extracts, as well as the residues after formic 
acid extraction, in 3M HCl (110 С, IBh). Extracts were purified on 
charcoal, AG50WX8(H ) and C18 reversed phase columns and were analyzed 
by cation and anion exclusion HPLC. Samples of the Allende meteorite 
served as analytical blanks for all stages of the work. The presence in 
extracts of the Murchison, as well as the Murray and Orgueil meteorites 
of the biologically important purines adenine, guanine, xanthine and 
hypoxanthine, as well as the pyrimidine uracil was indicated from liq-
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uid chromatographic analyses. Subsequent mass spectrometric analysis of 
isolated peaks from the LC columns confirmed these identifications in 
all instances (19,20). Table 1 summarizes, quantitatively, the analyti-
cal results for these meteorites, obtained by different research 
groups. The meteorite extracts were analyzed for -á-triazines by gas 
chromatography, using a technique described elsewhere (21). No -A-tri-
azines could be detected in any sample, above a detection limit of 50 
ppb. In agreement with Van der Velden and Schwartz (15) we were unable 
to identify the 4-hydroxypyrimidines previously reported (10,11) in 
samples from these same meteorites, above background levels of about 
lOppb. 
As suggested by Van der Velden and Schwartz (15) these pyrimi-
dines seem to be artefacts synthesized from impurities present in the 
silylation mixture [N,0-bis (trimethylsilyDacetamide/pyridine], used 
for gas chromatographic analyses. De Vries and Stoks (unpublished work) 
have shown that even with a carefully purified derivatization agent, 
these same compounds are produced under a variety of conditions, albeit 
in lesser abundance. A possible mechanism to account for the formation 
of such compounds is shown on the following page. A similar mechanism 
has been suggested for the formation of 4-substituted 2,6-dimethyl-
pyrimidines (22). 
Table l 
N-heterocyclic compounds identified in carbonaceous 
meteorites 
references 10,11 14 15,19,20 
analytical 
techniques GCMS MS BPLC, MS, OC 
adenine - + + 
guanine + + 
xanthine - - + 
hypoxanthine - + 
uracil + 
thymine -
cytosine -
4-OH-pyrimidines + 
¿-triazlnes + 
68 
ff ^ Ρ ί? Η ? 
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Discrepancies regarding the 4-triazines may also be due to arte­
facts of the experimental conditions applied. ¿-Triazines may easily be 
synthesized from simple starting materials under a variety of condi-
tions (23). We have found that guanylurea produced ¿-triazines when 
refluxed in acetic anhydride, or when heated in a mass spectrometer. 
Guanylurea has been identified in meteorite extracts in concentrations 
up to 270ppm (13,14). In addition, ¿-triazines have only been identi-
fied following such manipulations (12,13,14). The possible formation of 
¿-triazines from guanylurea is shown below. 
V N H 2 
V¿b OH NH2 
Χ
Η2Ν
Λ'
Η2
 "Α. Ν AN 
S\н, ¿Н> HO^N-^OH HzN-^N-^NHa R NH2 ! 
C=R /R= 0 R= NHj 
Лнг IR·» NH R'-- О / 
By-products in this triazine synthesis (urea, guanidine) may partici­
pate in the reaction as well, giving rise to additional -â-triazines 
upon trimerization and cyclization. It can be seen from the above 
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scheme that the two possible amino,hydroxy-4-triazines are produced 
from different combinations of R and R'. 
The observed discrepancies in the distribution of N-heterocyclics 
now seem to be largely explainable on the basis of artefacts of the 
analytical procedures, although insufficient sensitivity of analysis, 
as well as compositional heterogeneity of compound distribution have 
probably also been important. It should be noted in this regard, that 
the HPLC analysis we have employed for purines and pyrimidines is one 
to two orders of magnitude more sensitive than previously applied tech-
niques. 
Both purines and pyrimidines have been identified in products 
from Fischer-Tropsch type reactions, under conditions suggested to have 
occurred in the Solar Nebula (1,17,24,25). However, compound distribu-
tions appear to be difficult to reproduce and, in addition, slightly 
different reaction conditions seem to give completely different 
results. 
We have recently suggested (19), that the occurrence of uracil in 
carbonaceous meteorites tends to support the possible relevance of 
Fischer-Tropsch type reactions for the Solar Nebula. However, this must 
now be balanced against the absence of detectable amounts of ¿-tri-
azines in carbonaceous meteorites, which are reportedly synthesized in 
Fischer-Tropsch type reactions in large quantities under several sets 
of conditions (13,24,25). It would, however, be desirable to replicate 
these syntheses under controlled conditions and with the analytical 
precautions which have been applied to the analysis of meteorites. 
Although many arguments favor the Fischer-Tropsch hypothesis as a 
source of hydrocarbons (1,5,17,18), we think that the evidence regard-
ing W-heterocyclic compounds is less conclusive. Other mechanisms are 
also clearly of interest. It has been noted (26), that there is a re-
semblance between the distribution patterns of purines found in carbo-
naceous meteorites and those formed by hydrolysis of the products of 
HCN oligomerization. We have made a preliminary attempt to investigate 
this possible relationship further by screening our meteorite extracts 
for 4,5-dihydroxypyrimidine, which is one of the most abundant N-het-
erocyclic products from HCN thus far identified, as well as the minor 
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product 5-hydroxyuracil (27,28). We have been unable to detect either 
of these compounds in concentrations higher than the background level 
of 25ppb. However, recoveries of these compounds have not yet been de-
termined and further work will be necessary to clarify this point. 
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PURINES AlW PmMIPIWES IW THE J U I N METEORITE: 
A REINI/ESTIGATIÖN 
ABSTRACT 
A fragment of the Jilin (olivine-bronzite) meteorite was analyzed 
for its contents of biologically important purines and pyrimidines, 
using dual column ion exclusion liquid chromatography. No such com-
pounds could be detected above the background level of 120-170pg/g. 
Earlier reports suggesting the presence of such compounds in the Jilin 
meteorite are critically examined and possible explanations for the 
contradictory results are discussed. 
INTRODUCTION 
The Jilin, or Kirin meteorite, which fell in China in March 1976 
has been identified as an olivine-bronzite chondritic meteorite (Tsung, 
1978; Jiyang, 1979). In contrast to carbonaceous chondrites, which con-
tain up to 5% carbon in the form of organic material, olivine-bronzite 
chondrites, like most other ordinary chondrites (but for a few excep-
tions: Hayes, 1967; Hayes and Biemann, 1968; Nooner and ОгЙ, 1967) do 
not contain significant amounts of organic material (Hayes, 1967; Nagy, 
1975). However, the Jilin meteorite was reported to contain 0.125% or­
ganic material (Jiyang, 1979) and this remarkable fact would place the 
Jilin meteorite at a position intermediate between carbonaceous and 
ordinary chondrites. 
Analyses of the organic material extracted from samples of the 
Jilin meteorite have indicated the presence of hydrocarbons (Fenfang it 
OÍ., 197Θ; Jiyang fct at., 1978), amino acids (Zuopeng eí di., 1978), 
porphyrin-like compounds (Wenlan, 1978) and certain N-heterocyclics 
(Jiyang Zt al., 1978). 
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With the exception of the hydrocarbons, most of which were iden­
tified by GCMS, the analytical techniques used in the identifications 
of the other compounds involved UV spectrophotometry, paper and gas 
chromatography. Unless such techniques are used in combination with 
other methods of analysis, results are not very reliable. Therefore the 
identification of amino acids, porphyrin-like compounds and N-hetero-
cyclics in the Jilin meteorite is tentative at best. 
Meteoritic organic material cannot survive a stage of thermal 
metamorphism, and since the Jilin meteorite shows evidence of such 
metamorphism (Daode and Xiande, 1978), indigenous organic material, if 
present, must have had a later origin. Such organic compounds could 
conceivably have been formed from pyrolysls products of primordial or­
ganic material, as suggested by Wood (1967). 
The N-heterocyclics, reported to be present in the Jilin meteor­
ite were identified by paper chromatography only. In view of the impor­
tance of such compounds in theories on the origin of meteoritic organic 
material (Anders Zt at., 1973; Stoks and Schwartz, 1979, 1981) it 
seemed worthwhile to attempt to substantiate these results. Therefore 
we have reanalyzed a sample of the Jilin meteorite using dual column 
ion exclusion HPLC in a search for N-heterocyclics, with special empha­
sis on the biologically important purines adenine, guanine, xanthine 
and hypoxanthine, and the pyrimidines uracil, thymine and cytosine. 
EXPERIMENTAI. 
The Jilin meteorite sample was a gift from Dr. Jiyang, Laboratory 
of Organic Geochemistry, Institute of Geochemistry, Academia Sinica, 
China, and consisted of a single fragment (17.7g). A 2g portion of an 
Allende (C3) meteorite sample, described previously (Van der Velden and 
Schwartz, 1977) was used as a procedural blank. 
ΈχΧΛΛοΛλοη pKoc&du/LZ 
Prior to crushing and extraction the Jilin meteorite fragment was 
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pre-extracted twice in a Senicor model SC-400 ultrasonic tank (35ml 
H2O, 5min. 60 C) to remove loosely bound surface contaminants. The sam­
ple was subsequently crushed in a mortar, transferred to a glass recep­
tacle (17.5g) and extracted twice with H2O (50ml, 20h reflux) and HCOOH 
(50ml, 20h reflux). Extracts were recovered by centrifugation. The com­
bined H2O extracts were concentrated to 10ml under reduced pressure 
(50OC) and adjusted to 20ml IM HCl. The combined HCOOH extracts were 
о 
evaporated under reduced pressure (50 C) and were taken up in 20ml IM 
HCl. The resulting suspensions were sonicated (5min. 60 C) and immedi­
ately centrifugea. This procedure was repeated and the combined super-
natants and washings were desalted using charcoal columns (50х9шга) as 
described previously (Van der Velden and Schwartz, 1977). The HCOOH 
eluates of the charcoal columns were evaporated under reduced pressure 
(50 C) and were taken up in 0.1M NH3 for subsequent liquid chromato­
graphic analysis. 
Liquid dVLOmaXog/iaphy 
The dual column ion exclusion equipment used in analyses for W-
heterocyclic compounds has been described before (Van der Velden and 
Schwartz, 1977; Stoks and Schwartz, 1981). At maximum sensitivity the 
detection limit for the biologically important purines adenine, gua­
nine, hypoxanthine and xanthine and the pyrimidines uracil, thymine and 
cytosine was 2-3ng. 
Кесо елі/ 0(5 N-heZeAocycZia 
The recovery of N-heterocyclic compounds in the extraction proce­
dure applied to the Jilin meteorite sample was estimated by extraction 
of an Allende sample containing known amounts of the purines adenine, 
guanine, xanthine and hypoxanthine and the pyrimidines cytosine, thy­
mine and uracil. For the H2O extract after desalting an average recov­
ery of 58% was found, thymine showing the lowest recovery (44%). For 
the HCOOH extract after desalting the recovery of hypoxanthine was 51%. 
All other compounds were recovered in over 65% yield. The recoveries 
for the desalting procedure using the charcoal columns ranged from 
85-92%. 
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RESULTS MW PISCÜSSIÖN 
PfwazduAat blank 
Liquid chromatographic analysis of the Allende H2O and HCOOH ex-
tracts revealed the absence of detectable amounts of any of the biolog-
ically important purines and pyrimidines above the detection limit of 
4-6ppb. 
J-t&ttt mztzonJJtz ¿amptz 
Portions of each extract, corresponding with the extract of O.lg 
of meteorite were analyzed by dual column ion exclusion HPLC for 
screening purposes. In this way sensitivity was limited (20-30ppb) but 
indications might be obtained about the general appearance of the chro-
matograms. However, none of the chromatograms showed peaks above back-
ground noise levels. Therefore it was decided to analyze the remaining 
portions of the extracts "in one shot", using only one of the two LC 
columns. If, at the sensitivity level thus obtained (120-170pg/g), 
peaks should be observed in positions corresponding with those of bio-
logically important W-heterocyclics, such peaks could be isolated and 
reanalyzed on the other column, thus providing a possible indication 
about the presence of such compounds in the Jilin meteorite. 
Only the chromatogram of the Jilin pre-extract showed a few minor 
peaks (Fig. 1). However, none of these showed a correlation with au-
thentic standards, therefore no efforts were made to reanalyze these 
peaks on the second LC column. The chromatograms of the remaining Jilin 
H2O and HCOOH extracts were essentially straight lines (Fig. 2), re-
vealing the complete absence of any UV absorbing material. This is in 
marked contrast with the earlier observation (Van der Velden and 
Schwartz, 1977; Stoks and Schwartz, 1981), that the bulk of the ex-
tractable UV absorbing material present in carbonaceous meteorites is 
liberated into H2O and HCOOH extracts. 
Our failure to detect W-heterocyclics, or indeed any extractable 
UV absorbing material in the Jilin meteorite fragment cannot lie in the 
extraction procedure applied, since similar extraction procedures have 
been shown to be satisfactory for carbonaceous meteorites (Van der 
Velden and Schwartz, 1977; Stoks and Schwartz, 19Θ1). 
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280 nm 
254 nm 
θ 12 16 20 t (min) 
Fig. 1. Cation exclusion chromatogram of the Jilin pre-extract. Aminex 
A25 column (250х6шп) in 0.03M HCOONa/HCOOH pH 4.1 at 70OC. 
Extract of 17.5g injected. 
0001 A 
280 nm 
254 nm 
8 12 16 20 t (min) 
Fig. 2. Cation exclusion chromatogram of the Jilin НС00Н extract. 
Conditions as in Fig. I. Extract of I7.3g injected. 
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The earlier suggestion of the presence of adenine and certain 
other N-heterocyclics in the Jilin meteorite (Jiyang e-t α£., 1978, and 
personal communication) was based on paper chromatographic analyses. 
From their data we have estimated that about 6ppb. of adenine was the 
lowest possibly detectable concentration. Therefore differences in 
sensitivity cannot be the cause of our failure to detect adenine in 
extracts of the Jilin meteorite. 
Unless a heterogeneous distribution of organic material in the 
Jilin meteorite is assumed, which seems unrealistic for a metamor­
phosed meteorite due to mixing occurring during metamorphism, the most 
reasonable explanation for the absence of extractable UV absorbing ma­
terial, observed in the present study, seems to be a misinterpretation 
of analytical results obtained earlier (Jiyang it aJL., 1978). In this 
respect it is noteworthy that, although the Rf value obtained via paper 
chromatography matched that of an authentic standard of adenine, the 
response towards the spray reagent used for detection was different 
(Jiyang e£ aJL., 1978, and personal communication). 
Alternatively, the possibility of terrestrial contamination can­
not be ruled out, since only biological amino acids have been identi­
fied in the Jilin fragment used for purine and pyrimidine analyses 
(Zuopeng eX aJL., 1978; Jiyang eX aJL., 1978) and no separation of enan­
tiomeric forms was carried out. 
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CHAPTER VII 
BASIC NZTRÖGEN-HETEROCyCLIC CUMPOüWS 
IN THE MURCHISON METEORITE 
Peter G. Stoks and Alan W. Schwartz. 
Geochim. Cosmochim. Acta (in press). 
01 
BASIC ШШЕЫ-НЕГЕЖ СІК COMPOUWS 
IN THE MüRCHISON METEORITE 
AßSTTWCT 
A fragment of the Murchison (C2) carbonaceous meteorite was ana-
lized for basic, N-heterocyclic compounds, by dual detector capillary 
gas chromatography as well as capillary gas chromatography/mass spec-
trometry, using two columns of different polarity. In the formic acid 
extract 2,4,6-trimethylpyridine, guinoline, isoquinoline, 2-inethyl-
quinoline and 4-methylquinoline were positively identified. In addi-
tion, a suite of alkylpyridines and guinolines and/or isoquinolines was 
tentatively identified from their mass spectra. The (iso)quinolines 
were found to contain methyl substituents exclusively. The distribution 
of the pyridines observed reveals a similarity to that observed from 
catalytic reactions of ammonia and simple aldehydes under conditions 
similar to those applied in Fischer-Tropsch type reactions. 
INTROPÜCTION 
In a previous paper (Stoks and Schwartz, 1981) we provided an ex-
planation for a number of confusing discrepancies regarding the re-
ported presence, in carbonaceous meteorites, of purines, pyrimidines 
and 4-triazines (Folsome eX. at., 1973; Hayatsu Zt at., 1975; Van der 
Velden and Schwartz, 1977; Stoks and Schwartz, 1979). Although the 
structures of meteoritic hydrocarbons seem to be well correlated with 
those obtained via Fischer-Tropsch type processes (Anders tt at., 1973; 
Studier eí at., 196Θ, 1972), we found that the available data on the 
distribution of N-heterocyclics in carbonaceous meteorites do not allow 
a reliable distinction to be made between Fischer-Tropsch type, and 
other possible mechanisms of formation. 
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Very few data are available, however, concerning the occurrence 
of other W-heterocyclic compounds in carbonaceous meteorites. A quin-
azoline has been suggested to be present in the Murchison (C2) meteo-
rite (Folsome zt CiL·., 1973) and pyridines have been tentatively iden-
tified in this same meteorite (Hayatsu eí aZ., 1975, 1977) as well as 
in the Murray (C2) meteorite (Hayes and Biemann, 1968). 
In order to obtain further information which might be helpful in 
evaluating proposed synthetic mechanisms for the origin of meteoritic 
organic compounds, we have carried out further analyses for basic W-
heterocyclic compounds in the Murchison meteorite and report here the 
identification of a suite of pyridines and (iso)quinollnes, using dual 
detector capillary GC as well as capillary GCMS. 
EXPERIMENTAL 
MtvLz/UaZb 
The Murchison meteorite fragment (31.Ig, Cat. No. 2752) was ob-
tained from the Field Museum of Natural History, Chicago, Illinois. A 
2g portion of an Allende sample, described previously (Van der Velden 
and Schwartz, 1977) as well as 2g of extensively water washed montmo-
rillonite No. 24 (Ward's) were used as procedural blanks. 
Exttac-fcccm рмсгаиле. 
After removal of the fusion crust the interior fragment (28. Ig) 
was pulverized and divided into two equal halves, which were treated 
identically in all subsequent steps of the extraction procedure. Pul­
verized samples were extracted with CH2CI2 (60ml), ethyl acetate 
(EtOAc, 60ml), H2O (2x50ml) and HCOOH (4x50ml) each for 20h by stirring 
under reflux. Extracts were recovered by centrifugation. The CH2CI2 and 
EtOAc extracts were stored at -20 С until further use, and the HCOOH 
extracts were evaporated under reduced pressure at 30-40 C. 
The fractionation procedure applied to isolate pyridines, quino-
lines and other basic nitrogen compounds was adapted from Hertz e-t CUÍ. 
(1980). A flow chart of this procedure is shown in Fig. 1. Separatory 
ρ 
funnels with Teflon stopcocks were used in order to minimize thermally 
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Extract in NaOH 
I 
EtOAc |3«50ml) -
I 
HjO 11.50ml) -
J 
0.5MHCl |3 i50ml) 
I 
adjust t o 1 M NaOH 
\ 
EtOAc (3«SOml) -
I 
H]0 | 1 i 5 0 m l | -
I 
Basic N- compounds 
Fig. 1. Flow chart of the fractionation procedure applied to the H2O 
and HCOOH extracts (see text). 
induced degradation reactions which could occur during continuous ex­
tractions, as well as possible losses of volatile basic compounds from 
alkaline solutions at elevated temperatures. 
The H2O and HCOOH extracts were adjusted to 100ml IM NaOH. Basic 
nitrogen compounds were extracted into EtOAc, and were isolated by ex­
traction into 0.5M HCl and back-extraction into EtOAc after adjusting 
о 
the acidic solutions to IM NaOH at 0 C. The final EtOAc solutions con­
taining the pyridines, quinolines and other basic nitrogen compounds 
were dried (N3230^, 16h) and concentrated under reduced pressure at 
о 
20 С for subsequent analysis by capillary GC and GCMS. 
GOA cfoiomatagnaphy 
Gas chromatographic analyses were performed using a Varian model 
3700 capillary gas Chromatograph, equipped with an FID and a TSD (ni­
trogen-sensitive, Patterson and Howe, 1978) in parallel, using a glass 
lined 1:1 capillary effluent splitter. Injection block and detector 
temperatures were 250 С FID conditions were: H2 25ml/min., air 350 
ml/min. TSD conditions were: H2 4.8ml/min., air 175ml/min. For sweeping 
NaOH residue 
NaOH residue 
Θ4 
the injection chamber (splitless injections) the splitter exit flow was 
set at 300ml/min. Make-up gas (He, 50ml/min., preheated to 250 C) was 
added before the effluent split point. A CP wax 51 (polyglycol, MW 
40000) fused silica WCOT column (25mx0.22mm) was used with He as 
carrier gas (0.75ml/min.). 
Gai dVLomcrtognaphy/mUi ¿>ргсЛл.от£яу 
GCMS analyses were performed using a Finnigan model 4000 quadru-
pole instrument, linked to a Nova-4/S (Datageneral) computer employing 
home-made software. In addition to a CP wax 51 fused silica WCOT column 
(25mx0.22mm), an SE-30 (methyl silicone) glass WCOT column (30mx0.25mm) 
was used. Columns were interfaced to the mass spectrometer via direct 
о 
coupling. Injection block and interface oven temperatures were 230 C. 
The ionizing potential was 70eV. The mass range scanned was m/e 50-250 
at Isec/scan. 
The Mass Spectral Search System of the NIH/EPA chemical Informa­
tion System (NIH/EPA CIS Project, Interactive Sciences Corp., Washing­
ton DC) was used as a preliminary aid in identification. 
Игсо елу о^ pynidinzi and quÁnoLiruib 
Because of the vast number of possible alkylpyridines and alkyl-
quinolines which might be present in the meteorite extracts, and the 
limited number of isomers available as standards, we have made the as-
sumption that the recovery of, for instance one dimethylpyridine would 
be more or less comparable to that of all other dimethylpyridines. In 
addition, we assumed that losses due to volatility would only occur 
with light homologues, and only from non-acidic solutions under reflux 
conditions. The compounds tested were pyridine, 4-methyl-, 2,6-di-
methyl-, 2,4,6-trimethyl- and 2-amino-4-methylpyridine and quinoline, 
isoquinoline, 2-methyl- and 2,6-dimethylquinoline. 
The efficiency of the extraction and fractionation procedures was 
tested by the addition of lyg of each of the compounds mentioned above, 
to lg portions of water washed montmorillonite No. 24 and extracting 
each portion with a different solvent. 
Recoveries for the unfractionated CH2CI2 and EtOAc extracts were 
higher than 80% for all compounds tested, except 2-amino-4-methylpyri-
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dine, which was largely adsorbed onto the clay (<10% recovery). For the 
fractionated H2O extract recoveries of pyridine and its alkyl deriva-
tives averaged 40%. However, 2-amino-4-methylpyridine was recovered in 
over 80% yield. The quinolines were recovered in 60-70% yield. The 
fractionated HCOOH extract showed a recovery of ^60% for 2-ainino-4-
methylpyridine. All other compounds were recovered in over 70% yield. 
RESULTS 
PKoczduAot Mankb 
The use of CH2CI2 as solvent in GC analyses caused increased 
background noise and irreproducible responses for the TSD. In addition, 
due to its low boiling point CH2CI2 was unsuitable for splitless injec-
tions. Therefore portions of the CH2CI2 extracts of both the Allende 
and the montmorillonite sample were evaporated under a stream of puri-
fied He and taken up in EtOAc. The CH2CI2 and EtOAc extracts were ana-
lyzed by GC without prior fractionation, whereas the H2O and HCOOH ex-
tracts were taken through the entire fractionation procedure. 
No nitrogen-containing compounds were present in any of the ex-
tracts as indicated from the TSD tracings. Analysis of several pyri-
dines and quinolines under identical gas chromatographic conditions had 
shown that amounts corresponding to l-5ppb. of such compounds would 
easily have been detectable . 
UeXzoiAJte. ¿атріел 
The CH2CI2 and EtOAc extractions of the Murchison meteorite sam­
ples were incorporated in order to remove nonpolar material, as well as 
loosely bound pyridines, quinolines and plasticizers that could be 
present as contaminants. Pyridine itself is especially suspect of being 
One early eluting compound was present in the FID tracings of the 
EtOAc, as well as the H2O and HCOOH extracts of both procedural 
blanks and meteorite samples. This compound was shown to be acetic 
acid by GCMS, as well as by comparison of its retention time with 
that of authentic acetic acid. Hydrolysis of EtOAc during extraction 
and/or fractionation would seem a plausible explanation for its oc­
currence in gas chromatograms. 
06 
exogenous in origin, considering its frequent use in the laboratory. 
Gas chromatographic analysis of portions of the CH2CI2 extracts 
(taken up in EtOAc) and of portions of the EtOAc extracts revealed the 
presence of only traces of nitrogen-containing compounds, although 
quite abundant amounts of non nitrogen-containing compounds were pres-
ent. 
A very close parallel was observed between the FID and TSD trac-
ings in gas chromatographic analyses of the fractionated H2O extracts 
(Fig. 2 ), indicating that nitrogen-containing compounds were present 
almost exclusively. Although several prominent peaks were present, the 
general appearance of the chromatograms showed these fractions to be a 
complex, only partially resolved mixture of nitrogen compounds being 
present in low abundance. Mass fragmentography of ions characteristic 
of alkylpyridines, such as m/Z 92, 93, 106, 107, 120, 121, 134, 135, 
148, 149 (McLafferty, 1973; Budzikiewicz it at., 1967) and alkylquino-
llnes, such as m/e 129, 142, 143, 156, 157, 170, 171, 185 (Draper and 
McLean, 1968; Novotny it ai., 1980,- Sample eí a¿., 1967) revealed the 
absence of such compounds above the detection limit of l-5ppb. Two 
intense peaks in the m/e 106 fragmentogram appeared to be due to W-
methylaniline [simultaneous response maxima in the m/C 106 and m/i 107 
fragmentograms; mass spectrum: 107 (75%), 106 (100%), 79 (10%), 77 
(25%)] and N-ethylaniline [simultaneous response maxima in the m/i 106 
and m/e 121 fragmentograms; mass spectrum: 121 (40%), 106 (100%), 77 
(20%)] respectively. Although 2-ethylpyridine gives a mass spectrum 
similar to that of W-methylaniline (above m/e 50), this compound was 
shown to elute well over lOmin. earlier under similar gas chromato-
graphic conditions. In the case of N-ethylaniline a 3(5)-ethyl-methyl-
pyridine might be considered as an alternative. However, such pyridines 
show a prominent M-l ion at m/e 120 (Grasselli and Ritchey, 1975; Hejda 
and Vymetal, 1978) which was below 5% in our case. 
Gas chromatographic analyses of the fractionated HCOOH extracts 
demonstrated, as in the corresponding H2O extracts, the presence of a 
highly complex, only partially resolved mixture of almost exclusively 
Fig. 2 and 3 are shown only to illustrate the degree of complexity of 
the fractionated extracts. 
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TEMP (0C) 110 90 70 50 
Fig. 2. Gas chromatogram of one of the fractionated H2O extracts of the 
Murchison meteorite. CP wax 51 fused silica WCOT (25шх0.22шш). 
Splitless injection (2pl). FID IxlCf11 A.f.s., TSD lxlO~10 A.f.s. 
о . . 
Temperature programming rate I /mm. 
l=W-methylaniline, 2=W-ethylaniline (tentative identifications). 
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so 
TEMP C C ) 
ISO ISOTHERMAL 
Fig. 3. Total ion current chromatogram (m/e 50-250) of the fractionated HC00H extract 
of one of the Murchison meteorite samples. SE-30 glass WCOT (30mx0.25mm). Peaks are 
listed in Table 1. 3t=partially overlapping components, D=co-eluting components. 
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nitrogen-containing compounds. However, GCMS analyses gave quite dif-
ferent results as opposed to the H2O extracts, ßuite a number of alkyl-
pyridines and {iso)quinolines were tentatively identified from their 
mass spectra, on two different capillary columns (Fig. 3). In many 
cases the exact position of alkyl side chains could not be determined 
unambiguously, due to the lack of available reference spectra, or espe-
cially for the di-, tri- and tetramethyl(iso)quinolines, the highly 
similar mass spectra of different positional isomers (Draper and 
McLean, 1968; Grasselli and Ritchey, 1975; Novotny i t at., 1980). Nev-
ertheless, the nature of the alkyl side chains (and in selected cases, 
therefore the position thereof) could in general be deduced tentative-
ly, considering characteristic mass spectrometric features of available 
reference spectra, such as the relative intensities of M-l and M-15 
fragments, compared to M , in the spectra of various ethyl- and ethyl-
methylpyridines (Budzikiewicz bt aZ., 1967; Budzikiewicz and Besler, 
1976; Porter and Baldas, 1971; Grasselli and Ritchey, 1975; Hejda and 
Vymetal, 1978). The strategy employed in the assignment of a tentative 
structure from mass spectrometric data is illustrated below, using com-
pound 9 (Table 1) as an example. 
1) The compound is an alkylpyridine rather than an alkylaniline, 
based on the chromatographic considerations mentioned at the end 
of the Results section. 
2) The compound (MW 135) contains four carbon atoms in the alkyl 
side chain(s) of which there are five possibilities: a) butyl 
(straight or branched), b) methyl-propyl (or isopropyl), c) di-
ethyl, d) ethyl-dimethyl and e) tetramethyl. 
3) The base peak at M-l can only be accounted for by γ-cleavage at a 
2-ethyl substituent (Budzikiewicz iX. CLÍ. , 1967; Budzikiewicz and 
Besler, 1976; Hejda and Vymetal, 1978). Thus only a 2-ethyl-
ethylpyridine or a 2-ethyl-dimethylpyridine remain as a possibil-
ity. 
4) The moderate intensity of M-15 can readily be explained by ß-
cleavage at a 4-ethyl substituent, whereas 3-cleavage at the 
2-ethyl, or α-cleavage at one of the methyl groups would be re­
quired in a 2-ethyl-dimethylpyridine. Such processes occur only 
to a very limited extend, as evidenced from the M-15 intensities 
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Table 1. 
N-heterocycl ic compounds d e t e c t e d in t h e formic ac id e x t r a c t 
of the Murchison m e t e o r i t e 
compound name MW M 
1 2,4,6-&ujiieXhytpy>ud<.nz 121 100 
2 2 , 3 , 6 - t r i m e t h y l p y r i d i n e 121 100 
3 2 , 3 , 5 - t r i m e t h y l p y r i d i n e 121 100 
4 W-methylaniline 107 75 
5 t r i m e t h y l p y n d i n e 121 100 
6 t r i m e t h y l p y r i d i n e 121 100 
7 2-methyl-5-ethylpyr idine 121 65 
θ t e t r a m e t h y l p y n d i n e 135 100 
9 2 , 4 - d i e t h y l p y r i d i n e 135 51 
10 t e t r a r a e t h y l p y r i d i n e 135 100 
11 4-ethyl-di i i iethylpyridine 135 100 
12 2 ,4-die thy l-methylpyr id ine 149 55 
13 2 ,4-die thy l-methy lpyr id ine 149 52 
14 qiu-nottm 129 100 
15 г^-аіе^уІ-шеіЬуІругіаіпе 149 5 
16 ¿L6oqu¿noU.№ 129 100 
17 i-mzXhyiqiu-nottm 143 100 
1Θ methylquinoline/isoquinoline 143 100 
19 4-meXkylquA.notuie. 143 100 
20 methylquinoline/isoquinoline 143 100 
21 dimethylqulnoline/isoquinoline 157 100 
22 dimethylqulnoline/isoquinoline 157 100 
23 dimethylqulnoline/isoquinoline 157 100 
24 dimethylqulnoline/isoquinoline 157 100 
25 dimethylqulnoline/isoquinoline 157 100 
26 trimethylquinoline/isoquinoline 171 100 
27 trimethylquinoline/isoquinoline 171 100 
2 trimethylquinoline/isoquinoline 171 100 
29 triraethylquinoline/isoquinoline 171 100 
30 trimethylquinoline/isoquinoline 171 100 
31 tetramethylquinoline/isoquinoline 1Θ5 100 
32 tetramethylquinoline/isoquinoline 1Θ5 100 
M-l 
21 
58 
45 
100 
50 
52 
22 
45 
100 
52 
21 
100 
100 
20 
100 
22 
22 
45 
24 
35 
32 
12 
35 
24 
36 
55 
35 
35 
42 
75 
32 
42 
M-15 
12 
15 
25 
25 
25 
100 
22 
23 
26 
40 
20 
18 
31 
24 
11 
10 
10 
12 
16 
24 
20 
26 
18 
35 
18 
24 
definite identifications printed in italics. 
91 
in the mass spectra of various 2-ethyl-dimethylpyridines 
(Grasselli and Ritchey, 1975; Hejda and Vymetal, 1978). The com-
pound under investigation is therefore likely to be 2,4-diethyl-
pyridine. 
In several instances the Mass Spectral Search System indicated the 
presence of a specific compound. It should be noted, however, that such 
indications were not considered to be positive identifications; the 
system was used predominantly to search for possible alternative struc-
tures matching a given mass spectrum (in combination with the selective 
properties of the fractionation and gas chromatographic procedures). 
Twenty-seven compounds were tentatively identified. In five addi-
tional cases the mass spectra and retention times, as well as the 
ratios of the FID/TSD responses in GC analyses were found to correspond 
with authentic standard compounds. The results of these analyses are 
summarized in Table 1. The average concentrations (not corrected for 
losses) of the pyridines and (iso)quinolines identified appear to be in 
the range of 50-500ppb., based on the response of authentic 2,4,6-tri-
methylpyridine and assuming equal response factors for all compounds. 
In the case of the pyridines identified, isomeric alkylanilines 
(containing one carbon atom less in the alkyl side chains) might be 
considered as alternative structures. However, such compounds could be 
excluded on the basis of the following reason: W,N-dimethyl-, W-methyl-
W-ethyl- and W,W-diethylaniline (isomeric with pyridines of MW 121, 135 
and 149 respectively) have a base peak in their mass spectra at M-l, 
M-15 and M-15 respectively (Grasselli and Ritchey, 1975). This was not 
the case in any of the compounds corresponding to these MW's which we 
have identified (Table 1). In gas chromatographic analyses (CP wax 
column) authentic aniline, 2,4-dimethyl- and 2,6-dimethylaniline were 
found to elute much later than the corresponding, isomeric mono- and 
trimethylpyridines. Furthermore, the lightest homolog, aniline, was 
found to elute closely before quinoline. In GCMS analyses using this 
same column (not shown), we identified pyridines with 4 to 5 carbon 
atoms in the alkyl side chains in this "quinoline region"; a difference 
in MW of 42 to 56 a.m.u! Similar observations regarding the gas chroma-
tographic properties of alkyl substituted anilines and pyridines have 
been made before, with other, similarly polar capillary columns 
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(Tesarik and Ghyczy, 1974). 
DISCUSSION 
Inadequate resolution and ambiguities in structural assignments 
from mass spectrometric data are the two most frequently encountered 
problems in capillary GCMS of complex mixtures of M-heterocyclics 
(Hertz it a¿., 1980; Novotny Zt OÍ., 1980; Uden it аЛ., 1979). 
We have tried to reduce the problem of inadequate resolution 
(with concommittant difficulties in mass spectrometric interpretations) 
by using two different capillary columns. It should be noted, that the 
elution order of such compounds need not be the same on different col­
umns (Tesarik and Ghyczy, 1974), and since many isomeric pyridines and 
(iso)quinolines have similar mass spectra, a peak on one column, with a 
retention time different from, but a mass spectrum similar to, that of 
a peak on the other column, does not necessarily imply a corresponding 
compound. It does, however, imply a corresponding isomer, and, in ad­
dition, it indicates that such spectra are not "mixed mass spectra" 
resulting from co-elution or partial overlap. 
The majority of compounds listed in Table 1 gave similar mass 
spectra on both columns, therefore these spectra are almost certainly 
due to single compounds. The spectra of peaks no 9 and 13 in Fig. 3, 
were shown to be "mixed mass spectra" by mass fragmentography (Fig. 4). 
Similar spectra to those resulting from purification (subtraction of 
extraneous peaks in these spectra) of these spectra on the SE-30 col­
umn, were also observed on the other column, indicating that the compo­
nents interfering with these peaks on the SË-30 column had different 
chromatographic properties on the other column. Unfortunately, we were 
unable to detect, on the CP wax column, the individual compounds co-
eluting in the SE-30 column (peaks labeled D in Fig. 3). Judged from 
the mass spectra on the SE-30 column, homologous alkylpyridines differ-
ing in MW by 14 a.m.u. are probably present in these cases. 
Two types of basic, nitrogen-containing compounds are apparently 
present in the Murchison meteorite sample investigated: a series of 
pyridines containing three to five carbon atoms in the alkyl side 
chains, and a series of quinolines and/or isoquinolines with one to 
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Fig. 4. Selected mass fragmentograms of the region around peak 13 in 
Fig. 3. 
four carbon atoms in the alkyl side chains as well as the two parent 
heterocyclics quinoline and isoquinoline. Remarkably, in the case of 
pyridines both methyl and ethyl groups occur, whereas in the case of 
the (iso)quinolines the alkyl side chains are made up of methyl groups 
exclusively, as evidenced from the intensities of the molecular ions in 
the mass spectra, forming the base peak in all instances (Draper and 
McLean, 196Θ; Novotny vt cui. , 1980]. 
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CÖNCLUSIOMS 
In the present work the previous indications for the presence of 
aikylpyridines in the Murray and Murchison meteorites (Hayes and 
Biemarm, 1968? Hayatsu &£ cJL. , 1975, 1977) are confirmed and extended. 
Interestingly, in the case of the pyridines, only alkyl derivatives 
could be detected, although studies with authentic standards had shown, 
for example, that aminopyridines, or alkyl derivatives thereof, would 
have shown up in the fractionated extracts, if present in the meteorite 
sample. 
Oxidation of alkylpyridines, such as those identified in the 
present work, would yield pyridine di-, tri- and tetracarboxylic acids 
(Micetich, 1974; Mosher, 1959). Although pyridine tri- and tetracarbox-
ylic acids have been identified in the Murchison meteorite following 
oxidative procedures (Hayatsu Ut at., 1977), a direct correlation be-
tween the two studies is difficult, since acid extractable organic ma-
terial was analyzed in the present work, while Hayatsu Zt aJL. (1977) 
analyzed the meteoritic polymer remaining after acid extraction. Never-
theless, alkylpyridines were suggested to be present in this polymeric 
fraction prior to oxidation, while pyridine carboxylic acids were iden-
tified in this same fraction following oxidative procedures. 
Among the various ways to produce alkylpyridines the Chichibabin 
pyridine synthesis is particularly noteworthy, in that a complex mix-
ture of alkylpyridines such as those identified in the present study is 
obtained from catalytic reactions of ammonia and simple aliphatic alde-
hydes (Brody and Ruby, 1960; Mosher, 1959; Joule and Smith, 1972). The 
reaction conditions— with respect to temperature, pressure and cata-
lyst— required for the production of alkylpyridines via the Chichibabin 
synthesis are within the range of those applied in Fischer-Tropsch type 
reactions (catalytic reactions of H2, CO and NH3) which have been pro-
posed as a source of meteoritic organic material (Anders i t aJL. , 1973; 
Hayatsu fct a£., 1977). Furthermore, the aldehydes required for a 
Chichibabin pyridine synthesis are produced in Fischer-Tropsch type 
reactions (Anders гХ. aZ., 1974) and alkylpyridines have been tentative-
Not to be confused with the Chichibabin reaction involving amination 
of a pyridine using NaNH2. 
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ly identified (Hayatsu et al., 1972, 1977). The Chichibabin pyridine 
synthesis may therefore be looked upon as a "special case" of Fischer-
Tropsch type reaction, although accurate data on the identification and 
distribution of alkylpyridines in products of these reactions are not 
yet available. The present results, therefore, can be interpreted as 
adding some additional weight to the arguments in favor of a Fischer-
Tropsch type origin for at least a part of the organic material in 
meteorites. As we have recently pointed out, however, at the present 
state of our knowledge of either the synthetic mechanisms or of condi-
tions in meteorite parent bodies, such comparisons are far from satis-
factory (Stoks and Schwartz, 1981). 
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CHAPTER Vili 
ЗиШАМ M) CONCLUSIONS 
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SUMMARV AMO CONCLUSIONS 
Three different research groups had been working on the W-hetero-
cyclic contents of carbonaceous meteorites before the work described in 
this thesis was started. Because of discrepancies regarding the report-
ed presence of purines, pyrimidines and ¿-triazines (Chapter I) the 
prime objective of the work described here was to attempt to reconcile 
and, if possible, to extend the previous work. 
The HPLC system available for analysis of meteorite extracts was 
the method of choice for purines and pyrimidines, allowing analysis 
without prior derivatization at sensitivity levels of about Sppb. 
However, it was not very suitable for ¿-triazines, affording a detec-
tion limit of only l-2ppm, as well as unacceptable resolution problems. 
Therefore a new, gas chromatographic technique was developed that per-
mitted the detection of such compounds in concentrations as low as 
about SOppb (Chapter II). 
Chapters III and IV describe the analyses of extracts from sam-
ples of three carbonaceous meteorites, using this new gas chromato-
graphic technique, as well as HPLC and MS. The biologically important 
N-heterocyclics adenine, guanine, hypoxanthine, xanthine and uracil 
were unambiguously identified in all three meteorites. In contrast, 
none of the earlier reported 4-hydroxypyrimidines and ¿-triazines could 
be detected. These compounds were found to be artefacts of the analyt-
ical procedures employed earlier (Chapters IV and V ) . 
The analyses of extracts from the Jilin (olivine-bronzite) mete-
orite are described in Chapter VI. In contrast to the previously re-
ported identification of certain N-heterocyclics in this meteorite, no 
such compounds could be detected by HPLC, which is about 40x more sen-
sitive than the paper chromatographic analyses employed earlier. This 
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result, therefore, strongly suggests that the earlier claim of the 
presence of V-heterocyclics in the Jilin meteorite must be attributed 
to misinterpretation of analytical data, or to terrestrial contamina-
tion. 
The definite identifications, in extracts from a Murchison mete-
orite sample, of 2,4,6-trimethylpyridine, quinoline, isoquinoline, 
2-methyl- and 4-methylquinoline, as well as the tentative identifica-
tion of a number of other alkylpyridines and (iso)quinolines are de-
scribed in Chapter VII. Capillary GC and GCMS were used in these anal-
yses, since the HPLC system available was not very suitable for the 
separation and identification of such compounds. 
Ofiig-Ln 0(J meJiidvLLic. N-h&teAocycLLci 
The hypothesis that meteoritic organic material was produced by 
Fischer-Tropsch type reactions is supported by the marked similarities 
in distribution patterns of non-nitrogen-containing compounds (e.g. 
aliphatic and aromatic hydrocarbons, aldehydes, alcohols and carboxylic 
acids), as well as by similarities in properties of the polymeric or-
ganic material, between meteoritic organic material and that produced 
by Fischer-Tropsch type reactions. Especially in the case of hydrocar-
bons, such similarities are difficult to explain via other mechanisms 
of formation, such as Miller-Urey type reactions, or HCN oligomeriza-
tion products. 
However, in the case of nitrogen-containing compounds (notably 
amino acids and ^-heterocyclics) comparisons between meteorites and 
Fischer-Tropsch type products have been rather difficult to make. 
Although a close correlation exists between the distribution of meteor-
itic amino acids and those produced by Miller-Urey type reactions, 
there is a lack of sufficient analytical data on the formation of such 
compounds in Fischer-Tropsch type reactions. 
With respect to the W-heterocyclics (purines, pyrimidines and 
4-triazines) the problem was not so much the lack of analytical data, 
but rather their divergence in the case of carbonaceous meteorites. 
This problem has now been solved and the presence of the purines ade-
nine, guanine, hypoxanthine and xanthine, as well as the pyrimidine 
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uracil in such meteorites has been firmly established. However, these 
same W-heterocyclics, which had previously been reported to be present 
in products of Fischer-Tropsch type reactions, have recently been iden-
tified as products of HCN oligomerizations as well. Thus, in the case 
of these compounds it is still highly speculative to propose an origin 
via Fischer-Tropsch type processes. 
For these reasons a search was made for alkylpyridines and other 
possible N-heterocyclics in the Murchison meteorite. Alkylpyridines 
have never been reported to be formed in Miller-Urey experiments, and 
it is difficult to propose a mechanism for their synthesis by HCN 
oligomerization reactions. 
The distribution of alkylpyridines observed in the Murchison 
meteorite thus seems to indirectly indicate an origin by Fischer-
Tropsch type reactions. 
Fischer-Tropsch type reactions can apparently produce organic 
material which shows a surprising resemblance to that present in carbo-
naceous meteorites. However, our present knowledge of conditions in 
meteorite parent bodies, as well as of synthetic mechanisms is still 
highly incomplete. Therefore it seems more realistic to assume that the 
production of meteoritic organic material has involved a variety of 
processes, probably including Fischer-Tropsch type reactions. 
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SAMEIWATTING 
Het voornaamste doel van het hier beschreven onderzoek was om een 
verklaring te vinden voor de tegenstrijdige resultaten van eerdere ana-
lysen van koolstofhoudende meteorieten, wat betreft het voorkomen van 
N-heterocyclische verbindingen— met name purinen, pyrimidinen en i -
triazinen (Hoofdstuk I). 
Alhoewel de HPLC apparatuur, beschikbaar voor analyse van meteo-
rietextrakten, uitermate geschikt was voor purinen en pyrimidinen (geen 
derivatisering nodig; gevoeligheid tot 'vSppb) , waren triazinen erg las-
tig te analyseren (slechte resolutie; detectielimiet l-2ppm). Daarom 
werd een nieuwe, gas chromatografische methode ontwikkeld voor de ana-
lyse van -ó-triazinen (Hoofdstuk II) . 
In Hoofdstuk III en IV staan de analysen beschreven van extrakten 
van een drietal meteorietfragmenten, zowel met behulp van deze nieuwe 
gas chromatografische methode, als met HPLC en MS. Door middel van deze 
technieken was het mogelijk om de aanwezigheid van de biologisch be-
langrijke verbindingen adenine, guanine, hypoxanthine, xanthine en ura-
cil in alle drie de meteorietfragmenten eenduidig vast te stellen. 
Daarentegen kon geen van de eerder gerapporteerde 4-hydroxypyrimidinen 
en ¿-triazinen gedetecteerd worden. De eerdere identificatie van derge-
lijke verbindingen berust hoogstwaarschijnlijk op artefacten van de 
toegepaste analytische methoden (Hoofdstuk IV en V ) . 
Hoofdstuk VI beschrijft de analyse van een Jilin (olivijn-bron-
ziet) meteorietfragment voor W-heterocyclische verbindingen. Uit de 
resultaten hiervan kan geconcludeerd worden dat de eerder gerapporteer-
de identificatie van dergelijke verbindingen (met name adenine) hoogst-
waarschijnlijk zijn toe te schrijven aan foutief geïnterpreteerde ana-
lyseresultaten, of aan aardse besmetting van het geanalyseerde meteo-
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rietfragment. 
Met behulp van capillaire GC en GCMS kon in een Murchison meteo­
rietfragment de aanwezigheid van 2,4,6-triiiiethylpyridine, quinoline, 
isoquinoline, 2-methyl- en 4-methylquinoline worden vastgesteld. Boven­
dien kon, uit massaspectrometrische gegevens de waarschijnlijke aanwe­
zigheid van een aantal andere alkylpyridinen en alkyl(iso)quinolinen 
worden afgeleid. 
Оок&рпопд van N-hiteAocyctiiche. глЫпаіпдгп ¿η mztzonÁttzn 
De hypothese dat Fischer-Tropsch-achtige reakties een rol hebben 
gespeeld bij de vorming van het organisch materiaal in koolstofhoudende 
meteorieten wordt gesteund door de grote mate van overeenkomst tussen 
zowel het extraheerbare als het niet-extraheerbare (polymère) orga-
nische materiaal in dergelijke meteorieten en dat, gevormd in Fischer-
Tropsch-achtige reakties. 
Echter, in het geval van stikstofhoudende verbindingen (met name 
aminozuren en N-heterocyclische verbindingen) is het moeilijk geweest 
om vergelijkingen te maken tussen meteorieten en produkten van Fischer-
Tropsch-achtige reakties. Het voornaamste probleem wat betreft de ami-
nozuren was (en is nog steeds) het gebrek aan voldoende gegevens over 
de produktie ervan in Fischer-Tropsch-achtige reakties. 
In het geval van de N-heterocyclische verbindingen (purinen, 
pyrimidinen en ¿-triazinen) was het probleem niet zozeer het gebrek aan 
gegevens, als wel de tegenstrijdige resultaten wat betreft meteoriet-
analysen. Dit probleem is nu opgelost en het voorkomen van adenine, 
guanine, hypoxanthine, xanthine en uracil in meteorieten is eenduidig 
vastgesteld. 
Het is echter nog steeds twijfelachtig dat Fischer-Tropsch-achti-
ge reakties een rol hebben gespeeld bij de vorming van aminozuren en 
N-heterocyclische verbindingen: aminozuren, geproduceerd in Miller-Urey 
reakties vertonen eenzelfde verdeling als die, gevonden bij aminozuren 
uit meteorieten en de N-heterocyclische verbindingen, nu eenduidig 
vastgesteld in meteorieten vertonen een overeenkomst zowel met die, 
gevormd in Fischer-Tropsch-achtige reakties als met die, gevormd als 
produkten van HCN oligomerizaties. 
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Dit was de reden waarom gezocht is naar alkylpyridinen en andere 
W-heterocyclische verbindingen in een fragment van de Murchison meteo-
riet— de vorming van alkylpyridinen in Miller-Urey reakties is nooit 
gerapporteerd en het is moeilijk om een mechanisme te bedenken voor de 
synthese ervan uit HCN. De resultaten van dit onderzoek geven aan dat 
Fischer-Tropsch-achtige reakties mogelijk een rol hebben gespeeld bij 
de vorming van alkylpyridinen. 
Al vertoont het organisch materiaal, gevormd in Fischer-Tropsch-
achtige reakties een verrassend sterke overeenkomst met dat in meteo-
rieten, het is op dit moment te voorbarig om te concluderen dat het 
organisch materiaal in meteorieten uitsluitend is gevormd door derge-
lijke reakties. We weten nog te weinig van omstandigheden op de "parent 
bodies" van de meteorieten, en van mogelijke synthetische processen, 
met name wat betreft de stikstofhoudende verbindingen. Daarom lijkt het 
meer reëel om aan te nemen dat bi] de vorming van het organische mate-
riaal in meteorieten verschillende processen, waaronder waarschijnlijk 
ook Fischer-Tropsch-achtige reakties, een rol hebben gespeeld. 
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STELL INGEN 
I 
Tenzij ci3-methyljod1.de wordt gebruikt in conbinatie met GCMS, geeft de 
door Bryant en Klein voorgestelde derivatiseringsmethode voor de gas-
chromatografische analyse van punnen en pyrimidinen van biologische 
oorsprong geen informatie omtrent a l dan niet oorspronkelijk aanwezige 
N-methyl derivaten hiervan. 
W. F. Bryant en P. D. Klein (1975) 
An&L. Riochm. 65: 73-78. 
H 
De door Hayatsu en medewerkers toegepaste methode voor analyse van 
methyl es ters van N-heterocyclische carbonzuren geeft veel eerder aan-
le iding tot misinterpretatie van massaspectra dan de, j u i s t om die 
reden uitgevoerde i s o l a t i e ervan uit een mengsel met de corresponde-
rende homocyclische e s t e r s . 
R. Hayatsu, S. Matsuoka, R. G. Scott , 
M. H. Studier en E. Anders (1977) 
Gíodu-m. Coàmodum. Acta 4Ь 1325-1339. 
I l l 
Het f e i t dat Wollin en Ryan methionine vermelden als een van de amino­
zuren, gesynthetiseerd door reakties van NH2CN en КЫО2 roept twi j fels 
op omtrent hun kennis van de chemie. 
G. Hollín en W. B. F. Ryan (1979) 
ucocfutm. Hiuphyi. Acta 584: 493-506. 
IV 
Het ffl/Ê. 240 fragmentogram dat Marunaka en medewerkers verkrijgen b i j 
GCMS-analyse van een v ierta l gesilyleerde pyrimidinen i s noch in over-
eenstemming met het bijbehorende totaal-ionenstroom chromatogram, noch 
met de door hen gepubliceerde massaspectra van deze verbindingen. 
T. Marunaka, Y. Umeno en Y. Minami 
(1980) J. Chiomatogi. _190: 107-112. 
ι/ 
Uit de door Walling en Humphreys gegeven beschrijving van controle-
experimenten b l i jkt niet duidelijk, of bi j de foto-oxidatie van alko-
holen door Fe^ rekening i s gehouden met een mogelijk ef fect van het 
in hun reaktiemengsel aanwezige perchloraat. 
С Walling en R. W. R. Humphreys (1981) 
J. Olg Chzm. 4£ 1260-1263. 
Vï 
De geringe water-oplosbaarheid van veel van de in de f r u i t t e e l t toe-
gepaste bestrijdingsmiddelen roept twi j fe l s op omtrent het e f fect van 
het vluchtig onder de kraan afspoelen van bespoten f ru i t . 
VU 
Het vervangen van de gebruikelijke witte strepen ter markering van 
vakken op parkeerterreinen door betonnen of stalen paal t jes , kan het 
frequente "scheefparkeren" tegengaan. 
i/m 
Een publicatie die vanuit het oogpunt van het verkrijgen van stellingen 
als "goed" kan worden beschouwd, is vaak vanuit wetenschappelijk oog-
punt als "slecht" te betitelen. 
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X 
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